University of Tennessee, Knoxville

TRACE: Tennessee Research and Creative
Exchange
Doctoral Dissertations

Graduate School

12-2017

Evaluation of Inveon Pre-Clinical Positron Emission Tomography
(PET) Scanner Geant4 Application for Tomographic Imaging
(GATE) Model for Multi-Positron Emission Particle Tracking (MPEPT)
Roque Antonio Santos Torres
University of Tennessee

Follow this and additional works at: https://trace.tennessee.edu/utk_graddiss

Recommended Citation
Santos Torres, Roque Antonio, "Evaluation of Inveon Pre-Clinical Positron Emission Tomography (PET)
Scanner Geant4 Application for Tomographic Imaging (GATE) Model for Multi-Positron Emission Particle
Tracking (M-PEPT). " PhD diss., University of Tennessee, 2017.
https://trace.tennessee.edu/utk_graddiss/4825

This Dissertation is brought to you for free and open access by the Graduate School at TRACE: Tennessee
Research and Creative Exchange. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of TRACE: Tennessee Research and Creative Exchange. For more information, please contact
trace@utk.edu.

To the Graduate Council:
I am submitting herewith a dissertation written by Roque Antonio Santos Torres entitled
"Evaluation of Inveon Pre-Clinical Positron Emission Tomography (PET) Scanner Geant4
Application for Tomographic Imaging (GATE) Model for Multi-Positron Emission Particle
Tracking (M-PEPT)." I have examined the final electronic copy of this dissertation for form and
content and recommend that it be accepted in partial fulfillment of the requirements for the
degree of Doctor of Philosophy, with a major in Nuclear Engineering.
Arthur Ruggles, Major Professor
We have read this dissertation and recommend its acceptance:
John D. Auxier II, Lawrence Heilbronn, Dustin Osborne
Accepted for the Council:
Dixie L. Thompson
Vice Provost and Dean of the Graduate School
(Original signatures are on file with official student records.)

A-8@-?5;:;2:A1;:"=185:5/-8";>5?=;:
95>>5;:%;9;3=-<4D"%$/-::1=1-:? 
<<85/-?5;:2;=%;9;3=-<45/9-35:3%
;0182;=@8?5";>5?=;:95>>5;:"-=?5/81
%=-/75:3""%







!CMM?LN;NCIH-L?M?HN?>@ILNB?
!I=NILI@-BCFIMIJBS
!?AL??
1B?2HCP?LMCNSI@1?HH?MM?? (HIRPCFF?










/IKO?HNIHCI0;HNIM1ILL?M
!?=?G<?L





 !( %$

1B;HEMNI$I>@IL;FFNB?GCL;=F?MNB;NB;M>IH?CHGSFC@? 

1B;HEMNIGSJ;L?HNM@ILNB?MOJJILN;H>NB?FIP?NB?SB;P?ACP?HG? 

1B;HEMNI!L LNBOL/OAAF?M@ILBCMAOC>;H=?;H>J;NC?H=? %?CMNB?<?MN
G?HNIL;HSIH?=IOF>Q;HN 

1B;HEMNIGSACLF@LC?H>#?LH;H>;@ILB?LMOJJILN;H>CH@CHCN?FIP? 

1B;HEMNIGS@LC?H>MCHNB?2HCN?>0N;N?M ?MJ?=C;FFS I>S4CAACHM QBIB;M
<??H;FGIMN;M?=IH>;>PCMILCHGSQILE 

1B;HEMNI;FFGS@LC?H>MCH"=O;>IL &B;P?GCMM?>SIOMIGO=B 

1B;HEMNINB?#OF<LCABN-LIAL;G NB?!?J;LNG?HNI@+O=F?;L"HACH??LCHA;N21( 
;H>NB?"M=O?F;-IFCN?=HC=;+;=CIH;F@ILNB?CL?=IHIGC=MOJJILN 

CC




$%#%

0I>COG JICHNMIOL=?I@;=NCPCNSμ C8GC=LI=OLC?9CMGIP?>NBLIOAB
;H&HP?IH-L? FCHC=;F-IMCNLIH"GCMMCIH1IGIAL;JBS-"1M=;HH?L ;H>NB?
M=;H>;N;;L?M?HNNI*OFNC -IMCNLIH"GCMMCIH-;LNC=F?1L;=ECHA* -"-1
MI@NQ;L?NIL?=L?;N?NB?J;LNC=F?NL;=E $?;HNJJFC=;NCIH@IL1IGIAL;JBC=
&G;ACHA$1"GI>?FI@NB?&HP?IHCMOM?>NIMCGOF;N?NB?M=;HH?LL?MJIHM?NI
JICHNMIOL=?GIP?G?HNMC>?HNC=;FNINBIM?JL?M=LC<?>CH?RJ?LCG?HNM 0CGOF;N?>
;H>JBSMC=;F?RJ?LCG?HNION=IG?M;L?=IGJ;L?>NIKO;FC@SNB?$1"GI>?F@IL
NB?* -"-1;JJFC=;NCIH $1"IP?LJL?>C=NMNB?HOG<?LI@>?N?=N?>=ICH=C>?HN
FCH?M ) 1B?MN;H>;L>>?PC;NCIHI@J;LNC=F?JIMCNCIHMJL?>C=N?><S* -"-1
OMCHA$1">;N;CMMCGCF;LNINB?MN;H>;L>>?PC;NCIHJLI>O=?><S* -"-1OMCHA
M=;HH?L>;N; 



CCC




%!! % %$

B;JN?L,H?&HNLI>O=NCIH

B;JN?L1QI)CN?L;NOL?/?PC?Q

  -IMCNLIH"GCMMCIH1IGIAL;JBS$?H?L;F/?PC?Q

  &HP?IH-"10=;HH?L

  -IMCNLIH"GCMMCIH-;LNC=F?1L;=ECHA

  $?;HNJJFC=;NCIH@IL1IGIAL;JBC="GCMMCIH$1"

  $1">CACNCT?L

  0OGG;LS;H>,<D?=NCP?M

B;JN?L1BL??*;N?LC;FM;H>*?NBI>M

  "P;FO;NCIHI@NB?&HP?IH-"1M=;HH?L

$?H?L;FM?NOJJ;L;G?N?LMOM?>CH&HP?IH

-ICHNMIOL=?M;H>JB;HNIGMOJJILN

*OFNCJF?-IMCNLIH"GCMMCIH-;LNC=F?1L;=ECHA* -"-1=I>?

"@@C=C?H=S=OLP?;H>?P;FO;NCIHI@NB?&HP?IH

  *IPCHA-;LNC=F?"RJ?LCG?HN;F0?NOJ

  $1"*I>?F;H>0CGOF;NCIH0?NOJ

&HP?IH$1"GI>?F

0IOL=?>?@CHCNCIH@ILMN;NC=J;LNC=F?MCGOF;NCIH

&HP?IH$1"GI>?F?@@C=C?H=S=OLP?;H>?P;FO;NCIH

IGJ;LCMIHI@?RJ?LCG?HN;F;H>MCGOF;N?>GIPCHAJ;LNC=F?M

B;JN?L#IOL/?MOFNM;H>!CM=OMMCIH

  "P;FO;NCIHI@NB?&HP?IH

)=IOHNCH* -"-1;H>CH&HP?IH

"@@C=C?H=S=OLP?I@NB?&HP?IH

  "P;FO;NCIHI@$1"MCGOF;N?>&HP?IH

0IOL=?M>?@CHCNCIHCH$1"

&HP?IH?@@C=C?H=S=OLP?

  "P;FO;NCIHI@NB?MN;H>;L>>?PC;NCIHCHL?=IHMNLO=N?>JIMCNCIHM

  $1"MCGOF;NCIHI@GIPCHAJICHNMIOL=? 

1L;D?=NILS;FCAHG?HN;H>GIP?G?HN

"P;FO;NCIHI@NB?MN;H>;L>>?PC;NCIHCHNB?L?=IHMNLO=N?>JIMCNCIH

"P;FO;NCIHI@NB?MN;H>;L>>?PC;NCIHCHNB?L?=IHMNLO=N?>JIMCNCIHCHR;H>S
>CL?=NCIH

B;JN?L#CP? IH=FOMCIHM ;H>#ONOL?QILE


IH=FOMCIHM

  #ONOL?4ILE

B;JN?L0CR>>CNCIH;F IHNLC<ONCIH1I* -"-1>?P?FIJG?HN

  #?;NOL?-ICHN&>?HNC@C=;NCIH*?NBI>"P;FO;NCIH

  *IP?G?HNI@M?P?L;FJ;LNC=F?MCH$1"$?H?L;F*IP?G?HN

  =NCP;N?>6?;MN0CGOF;NCIH

  #OH>CHA

)CMNI@/?@?L?H=?M

CP




JJ?H>CR

JJ?H>CR!?MCAH>L;QCHAMI@NB?JB;HNIGMOJJILN

JJ?H>CR*;=@CF?@ILNB?>?@CHCNCIHI@NB?MIOL=?

JJ?H>CR&HP?IHB?;>?L@CF?

JJ?H>CR0N;H>;L>>?PC;NCIH>CMNLC<ONCIH@ILNB?NBL??P?FI=CNC?MN?MN?>;H>
;NNB?>C@@?L?HNL?J?NCNCIHM 

JJ?H>CR$;N?#CF? L?;NIL

JJ?H>CR"R;GJF?MI@*;=@CF?M

JJ?H>CR"R;GJF?I@JF;=?G?HN@CF?@IL6?;MNMCGOF;NCIH

JJ?H>CR IGJ;LCMIH<?NQ??H>?@CHCNCIHI@GIP?G?HNM

3CN;








P




$%!%$


1;<F?  !CG?HMCIHMI@;>>CNCIH;F?F?G?HNMCH&HP?IH*I>?F)???N;F 
1;<F?  -;L;G?N?LMOM?>CHNB?$1">CACNCT?LI@NB?&HP?IH

1;<F?  -L?M=LC<?>CHCNC;FJIMCNCIH;H>P?FI=CNSOM?>CH$1"MCGOF;NCIHM 
1;<F?  "@@C=C?H=SI@NB?&HP?IH;M@OH=NCIHI@NB??H?LASQCH>IQ

1;<F?   )=IOHN@ILNB?MCRGI>?FMI@MIOL=?>?@CHCNCIH

1;<F?  /?MOFNMI<N;CH?>;N>C@@?L?HNNCG?MFC=?JL?M=LC<?>CH$1"MCGOF;NCIH 
GMNCG?MFC=?CMOM?>@IL$1"0CGOF;NCIHMI@GIPCHAMIOL=?M 

1;<F?   IGJ;LCMIHI@MCGOF;N?>;H>?RJ?LCG?HN;F );P;CF;<F?@IL>?N?=NCIH


1;<F?  P?L;A?MFIJ?;H>;P?L;A?&HN?L=?JN;H>NB?CLMN;H>;L>>?PC;NCIHM@IL
?RJ?LCG?HN;F;H>MCGOF;N?>>;N;M?NMP?FI=CNS =GM R S 
"H?LAS4CH>IQYE?3

1;<F?  "RJ?LCG?HN;F;H>MCGOF;N?>CHN?L=J?NM@IL;J;LNC=F?GIPCHA;N 
=GM;FIHANB?T;RCMI@NB?>?N?=NCIH<IL? 

1;<F?  P?L;A?JIMCNCIH@ILNB?R;H>S;N>C@@?L?HNP?FI=CNC?M;H>>C@@?L?HN
FI=;NCIHCHMC>?NB?&HP?IH]M#,3



PC




$%!&#$


#CAOL?  1SJC=;FJIMCNLIH?H?LAS>CMNLC<ONCIH

#CAOL?  $L;JBC=M=B?G?I@NB?JIMCNLIH;HHCBCF;NCIHJLI=?MM

#CAOL?  0=B?G?I@NB?>?@CHCNCIHI@ ICH=C>?HN)CH?;H>==?JN;H=?HAF?CH
;-"1M=;HH?L0;B; 

#CAOL?  $L;JBC=;FL?JL?M?HN;NCIHI@NB?JIMMC<F?;==C>?HN;F )NB;N=;H<?
>?N?=N?>CH;-"1M=;HH?L 

#CAOL?  &HP?IHJC=NOL?QCNB>CG?HMCIHM

#CAOL?  0=B?G?I@;GOFNC QCL?=B;G<?L

#CAOL?  "PIFONCIHI@NB?;FAILCNBGJLIJIM?><S4CAACHM?N;F4CAACHM?N;F 
 

#CAOL?  P?L;A?G?;MOL?>OH=?LN;CHNS@IL#-&* -"-1G?NBI>;M@OH=NCIHI@
NB?;RC;F>CL?=NCIHCH?;=BMJ;NC;F>CL?=NCIHM@IL;?F;MNC==CL=OF;LJCJ?-;N?F
?N;F  

#CAOL?  $1";L=BCN?=NOL?M=B?G?0 ';H 

#CAOL?  $1"CH@ILG;NCIH@FIQ

#CAOL?  1L;HMGCMMCIHM=;HI@NB?=O<C=MIOL=?;H>NB?MOJJILNJB;HNIG 
#CAOL?  -C=NOL?I@NB?=O<C=MOJJILNGIHN?>IHNB?MOJJILNJB;HNIG

#CAOL?  &G;A?I@NB?=O<C=MIOL=?JF;=?>;NNB?=?HN?LI@NB?#,3

#CAOL?  3CMO;FCT;NCIHI@&HP?IHGI>?FCH$1")???N;F 

#CAOL?  0=?B?G;NC=L?JL?M?HN;NCIHI@NB?CHJON@CF?ILA;HCT;NCIH@IL$1"
MCGOF;NCIH

#CAOL?   IGJ;LCMIH<?NQ??H )=IOHNCHCHP?IHFIA@CF?;H>* -"-1]M )
=IOHN

#CAOL?   )=IOHN;N>C@@?L?HNNCG?QCH>IQM;H>;N>C@@?L?HNFI=;NCIHMCHMC>?
NB?#,3

#CAOL?   )=IOHN=IGJ;LCMIH<?NQ??HMCGOF;N?>;H>?RJ?LCG?HN;FM?NOJM 
1B?MIOL=?>?@CHNCIHOM?>CM<;=ENI<;=EA;GG;?GCMCIHJFOMJIMCNLIH
?GCMCIH 

#CAOL?   IGJ;LCMIHCH )L?JL?M?HN;NCIH@IL;MCGOF;N?>;H>?RJ?LCG?HN;F
JICHNMIOL=?;N=?HN?L#,3 ;=ENI<;=EA;GG;?GCMCIHJFOMJIMCNLIH
?GCMCIHMIOL=?>?@CHNCIH 

#CAOL?   )>?N?=NCIHMCN?M>CMNLC<ONCIH;FIHANB?T>CL?=NCIH@IL?RJ?LCG?HN;F
;H>MCGOF;N?>J;LNC=F?FI=;N?>;NNB?=?HN?LI@NB?#,3;H>;NGG;Q;S
@LIGNB?=?HN?LCHNB?T>CL?=NCIH 

#CAOL?   IGJ;LCMIHI@NB? )>CMN;H=?>CMNLC<ONCIH L?F;NCP?NINB?=?HN?LI@
NB?J;LNC=F? @ILNB?NBL??GI>?FI@MIOL=?>?@CHNCHCIHCH$1" 

#CAOL?   IGJ;LCMIHI@?RJ?LCG?HN;F;H>MCGOF;N?> )CHNB?L?ACIHNI
GGCHNB?T>CL?=NCIH

#CAOL?  !?N?=NCIMCN?M>CMNLC<ONCIH;FIHAT@IL;J;LNC=F?FI=;N?>;NNB?=?HN?L

I@NB?#,3;H>GG;Q;SCHNB?T>CL?=NCIH 
PCC




#CAOL?   IGJ;LCMIHI@NB?"RJ?LCG?HN;F;H>MCGOF;N?> )L?JL?M?HN;NCIH
CHMC>?;<IRI@55GG;LIOH>NB?=?HN?LI@NB?#,3 

#CAOL?   )JFIN;H> )>CMN;H=?>CMNLC<ONCIH@IL;JICHNMIOL=?GI>?F?>QCNB
NB?JIMCNLIH?GCMCIHGI>?F<ONQCNBIONNB?JL?M?H=?I@NB?JB;HNIGMOJJILN


#CAOL?  "RJ?LCG?NHN;F;H>MCGOF;N?> )=IOHNL;N?;M@OH=NCIHI@NB??H?LAS
QCH>IQOM?>CHNB?&HP?IHM?NOJ

#CAOL?  "RJ?LCG?HN;F )=IOHN=IGJ;LCMCIHNI0CGOF;N?> )=IOHN;M
@OH=NCIHI@NB?;RC;FJIMCNCIH;FIHANB?=?HN?LFCH?I@NB?#,3 YE?3
JIMCNLIH?GCMMCIHMIOL=? 

#CAOL?   IGJ;LCMIHI@NB?JL?M?=LC<?>JIMCNCIHCH$1";H>G?;MOL?>
JIMCNCIH@ILNB?MCGO;FN?>MN;NC=>;N;

#CAOL?   IGJ;LCMIHI@NB?P;LC;NCIHI@NB?MN;H>;L>>?PC;NCIHCHNB?
>?N?=NCIHI@;MN;NC=J;LNC=F?;N>C@@?L?HNFI=;NCIHM;FIHANB?T>CL?=NCIH

#CAOL?  ,P?LF;JCHAI@?RJ?LCG?HN;F;H>MCGOF;N?>NL;D?=NILC?ML?=IHMNLO=N?>
<S* -"-1 

#CAOL?  ,P?LF;JCHAI@?RJ?LCG?HN;F;H>MCGOF;N?>NL;D?=NILSCH;!JFIN 
1B?P?FI=CNSI@NB?J;LNC=F?CM =GM"H?LASQCH>IQY

#CAOL?   )!L?JL?M?HN;NCIH;NT GG;H>;NNB?=?HN?LTGGI@
NB?#,3@IL;GIPCHAJ;LNC=F? 1B?P?FI=CNSCM =GM"H?LASQCH>IQ
YE?3

#CAOL?   IGJ;LCMIHI@NB? )=IOHN;P;CF;<F?@IL>?N?=NCIH@IL;J;LNC=F?
GIPCHA;N =GM"H?LASQCH>IQYE?3

#CAOL?  3;LC;NCIHCHNB?MN;H>;L>>?PC;NCIH;FIHANB?T>CL?=NCIHM@IL>C@@?L?HN
P?FI=CNC?M 

#CAOL?  #LIHN;F;H>F;N?L;FPC?QI@NB?#,3I@NB?&HP?IHQB?H;J;LNC=F?CM
GIPCHA;N =GM

#CAOL?  3;LC;NCIHCH?RJ?LCG?HN;F;H>MCGOF;N?>MN;H>;L>>?PC;NCIH;FIHANB?
T>CL?=NCIH@ILR;H>SJIMCNCIHM

#CAOL?  3;LC;NCIH )=IOHN;M@OH=NCIHI@JIMCNCIHMOJ?LCGJIM?>IHJIMCNCIH
L?=IHMNLO=NCIH;M@OH=NCIHI@JIMCNCIH@IL;J;LNC=F?GIPCHA;N =GM 
#CAOL?   FIM?OJI@NB? )=IOHNPMNCG?MOJ?LCGJIM?>NIJIMCNCIH
L?=IHMNLO=NCIHPMNCG?

#CAOL?  !?N?=NCIHMCN?>CMNLC<ONCIH@IL?RJ?LCG?HN;F;H>MCGOF;N?>L?MOFNM 
#CAOL?  0N;H>;L>>?PC;NCIH=IGJ;LCMIH@IL>C@@?L?HNALC>MCT? -;LNC=F?
GIPCHA;N =GM 

#CAOL?  0N;H>;L>>?PC;NCIH=IGJ;LCMIH@IL>C@@?L?HNALC>MCT? -;LNC=F?
GIPCHA;N =GM 

#CAOL?  0N;H>;L>>?PC;NCIH=IGJ;LCMIH@IL>C@@?L?HNALC>MCT? -;LNC=F?
GIPCHA;N =GM 

#CAOL?   IGJ;LCMIH@L;G?<S@L;G?I@NB? )L?JL?M?HN;NCIHI@;J;LNC=F?
GIPCHACHMC>?NB?#,3


PCCC




#CAOL?   IGJ;LCMIHI@NB? )=IOHN;P;CF;<F?@IL>?N?=NCIH@IL;J;LNC=F?
GIPCHA;N =GMQCNBIONNB?JB;HNIGMOJJILN "H?LASQCH>IQY
E?3

#CAOL?  0OJ?LCGJIMCNCIHI@NB?J;LNC=F?M>?N?=N?>CH* -"-1;H>NB?CL
NL;D?=NILC?MJL?M=LC<?>CH$1"@IL;MCGOF;NCIHI@# J;LNC=F?MI@K
?;=B ,HFSJ;LNC=F?M;L?>?N?=N?>

#CAOL?   IGJ;LCMIHI@NB?JL?M=LC<?>JIMCNCIHCH$1";H>NB?>?N?=N?>
J;LNC=F?MCH* -"-1

#CAOL?  <MIFON?>C@@?L?H=?I@NB?P;FO?MJL?M=LC<?>@ILJIMCNCIHCH$1";H>
NBIM?>?N?=N?>QCNB* -"-1 1B?>C@@?L?H=?CHNB?NCG?G;LEI@>?N?=NCIHCM
;FMICH=FO>?> 

#CAOL?  0N;H>;L>>?PC;NCIH=IGJ;LCMIH@IL =GMXXXXXXXXX 
#CAOL?  0N;H>;L>>?PC;NCIH=IGJ;LCMIH@IL =GMXXXXXXXXX 
#CAOL?  0N;H>;L>>?PC;NCIH=IGJ;LCMIH@IL =GMXXXXXXXXX 



CR


"%#!
! 
 %#!&%! 
-IMCNLIH"GCMMCIH-;LNC=F?1L;=ECHA-"-1CM;=IH=?JNJL?M?HN?><S0B;QCH
CH;20J;N?HN0B;Q  0B;QJLIJIM?>OMCHAJIMCNLIH?GCNNCHA
J;LNC=F?MCH@FIQCHA<FII>CHMC>?;=ICH=C>?H=?=;G?L;NIL?=IHMNLO=NNB?
NL;D?=NILS@IFFIQ?><SNBIM?J;LNC=F?M 1B?FI=;NCIHI@NB?J;LNC=F?CMC>?HNC@C?>;M
QB?L?M?P?L;F ICH=C>?H=?)CH?M )H?;LFSCHN?LM?=N  )CMNB?FCH?@ILG?>
<SNQI=ICH=C>?HNA;GG;M?GCNN?>@LIGNB?JIMCNLIH ?F?=NLIH;HHCBCF;NCIH 
0B;Q]MC>?;Q;MF;N?LOM?>NICGJF?G?HN;H;FAILCNBGNI>?N?=N;MCHAF?JIMCNLIH
?GCNNCHAJ;LNC=F?OMCHA;A;GG;=;G?L;M?NOJ@IL=ICH=C>?H=?>?N?=NCIH-;LE?L
?N;F  1B?;FAILCNBG>?N?LGCH?MNB?FI=;NCIHI@NB?J;LNC=F?;MNB?JICHNCH
MJ;=?QB?L?NB?MOGI@NB?>CMN;H=?MNI )H?;L<SCMGCHCGOG 4CNBNBCM
;FAILCNBG -;LE?LQ;M;<F?NIL?=IHMNLO=NNB?NL;D?=NILSI@;J;LNC=F?GIPCHA
QCNBCH;AL;HOF;LG?>C;CHMC>?;LIN;NCHA>LOG-;LE?L?N;F  
C=E?FF?N;FOM?M;-IMCNLIH"GCMMCIH1IGIAL;JBSM=;HH?LNINL;=E;L;>CINL;=?L
OMCHA;>C@@?L?HNG?NBI>C=E?FF?N;F  %CMG?NBI>>CPC>?MNB?#,3CHNI;
!ALC> ;H>=IOHNMBIQG;HS )CHN?LM?=N?;=BALC>PIFOG? L?@?LL?>NIB?L?;M
;PIR?F 1B?FI=;NCIHI@NB?J;LNC=F?CMN;E?H;MNB?=?HNLIC>I@;$;OMMC;H=OLP?
@CNN?>CHNB?ALC>QCNBBCAB?MN )=IOHNC=E?FF?N;F  1BCMG?NBI>CM;<F?
NI@CH>GIL?NB;HIH?L;>CINL;=?L;N;NCG?JLIPC>?>NB;NNB?HOG<?LI@J;LNC=F?M
CMJL?PCIOMFSEHIQH 
1B?OM?I@;ALC>QCNBM=;F?L=IOHNMI@ )CHN?LM?=NCIHM;MCHNLI>O=?><SC=E?FF
CMF;N?LNL?;N?>OMCHA;=FOMN?LCHAN?=BHCKO?NIFI=;N?L?ACIHMCHNB?ALC>
=ILL?MJIH>CHANIJ;LNC=F?M4CAACHM?N;F  1B?FI=;NCIHI@NB?J;LNC=F?CM
C>?HNC@C?>;MNB?=?HNLIC>I@NB?=FOMN?LA?H?L;N?><S;JJFSCHANB?$ *?;HM
N?=BHCKO?NINB?!ALC>>;N;4CAACHM?N;F  1BCMN?=BHCKO?CM;<F?NI
C>?HNC@SM?P?L;FJ;LNC=F?M;NNB?NCG?QCNBIONEHIQCHANB?HOG<?LI@NL;=?LMCH
;>P;H=? #ILNBCML?;MIH NBCMN?=BHCKO?CMEHIQH;M*OFNCJF? -IMCNLIH"GCMMCIH
-;LNC=F?1L;=ECHA* -"-1 
* -"-1Q;M@OLNB?LCGJLIP?>OMCHANB?#?;NOL?-ICHN&>?HNC@C=;NCIH#-&
G?NBI>NIFI=;N?NB?J;LNC=F?4CAACHM?N;F  &H#-& NB?@C?F>I@PC?QI@NB?
-"1M=;HH?LCM>CPC>?>CHNI;!ALC>;H>; )=IOHNCMJ?L@ILG?>CH?;=BALC>
PIFOG? 1B?HNB?>;N;;L?=IH>CNCIH?>OMCHANB?#-&G?NBI>;>;JN?>@LIG
CG;ACHAJLI=?MMCHANIFI=;N?JICHNMIOL=?M 
INBP?LMCIHI@* -"-1B;P?<??HN?MN?>@ILM?P?L;FJICHNMIOL=?MCHGINCIH;M
Q?FF;M@ILJICHNMIOL=?MCHMN;NCIH;LSJIMCNCIH4CAACHM?N;F  >>CNCIH;FFS 
* -"-1B;M<??HOM?>NIG?;MOL?NB?@?;NOL?MI@@FIQCH;L?=N;HAOF;L=LIMM
M?=NCIH=B;HH?FQCNBI<MNLO=NCIHM);HA@IL>?N;F  ;H>CHJOFM;NCF?@FIQ
-;N?F?N;F  &HNB?QILE>?P?FIJ?><S);HA@IL>?N;F ;=IGJ;LCMIHI@NB?





CH@ILG;NCIHL?NLC?P?><S* -"-1QCNBNB?CH@ILG;NCIHJLIPC>?><S%CAB0J??>
3C>?I%03CMJ?L@ILG?> 1BCM=IGJ;LCMIHMBIQMAII>;AL??G?HN<?NQ??HNB?
NQIG?;MOL?G?HNM %IQ?P?L MCH=?NB?NQIG?;MOL?G?HNMQ?L?HIN
MCGOFN;H?IOM ;H>NB?@FIQJ;NN?LHM;L?=IGJFC=;N?> NB?;=NO;FJL?=CMCIHI@
CH>CPC>O;FNL;D?=NILSG?;MOL?G?HNCMHIN@OFFSEHIQH -L?M=LC<?>JIMCNCIHIL
NL;D?=NILSNSJC=;FI@;J;LNC=F?CH@FIQCML?KOCL?>CHIL>?LNI@OLNB?LOH>?LMN;H>*
-"-1J?L@ILG;H=? 
&HNBCML?M?;L=BJICHNMIOL=?GINCIHCMJBSMC=;FFS;=BC?P?><SOMCHANB?<?>
GINCIH=IHNLIFI@NB?&HP?IH 1B?&HP?IHCM;-"1M=;HH?L>?MCAH?>@ILL;NM;H>
GC=? ;H>=IHN;CHM )ON?NCOG,LNBIMCFC=;N?)0,=LSMN;F>?N?=NILM 
+;JICHNMIOL=?I@μ C;=NCPCNSCMGIP?>NIMJ?=C@C=FI=;NCIHMCHMC>?NB?
#,3 ;H>;FMINL;P?LM?MNB?M=;HH?L<IL?;NNBL??MJ?=C@C=P?FI=CNC?M 1L;=?L
FI=;NCIHM;H>NL;D?=NILC?M;L?NB?HL?=IHMNLO=N?><SJLIPC>CHANB?M=;HH?L>;N;NI
* -"-1 
>>CNCIH;FFS $?;HNJJFC=;NCIH@IL1IGIAL;JBC="GCMMCIH$1"CMCHNLI>O=?>
;M;NIIFNIMCGOF;N?NB?-"1M=;HH?LL?MJIHM?NIL;>CINL;=?LMGIPCHACHMC>?NB?
M=;HH?L@C?F>I@PC?Q#,3 $1"CM;*IHN? ;LFIMI@NQ;L?NB;NCM;<F?NI
MCGOF;N?NB?L?MJIHM?I@>C@@?L?HNM=;HH?LM0;LLON;H>?N;F  &HNBCM
L?M?;L=B ;JO<FCMB?>$1"GI>?FI@NB?&HP?IHP;FC>;N?>@ILNIGIAL;JBSCM
OM?>@ILMCGOF;NCIHMI@JICHNMIOL=?>?N?=NCIH)???N;F  
1BCML?M?;L=BN?MNM$1";M;MCGOF;NCIHNIIF@ILNB?&HP?IHCHNB?* -"-1
;JJFC=;NCIH 1B?;CGCMNIP;FC>;N?$1"@IL* -"-1G?;MOL?G?HNMINB;N$1"
MCGOF;NCIH=;H<?OM?>;M;MOLLIA;N?NINB?M=;HH?L  IG<CH;NCIHI@$1"
MCGOF;NCIHQCNB IGJON?L#FOC>!SH;GC=M #!MCGOF;NCIHCM?HPCMCIH?>QB?L?
J;LNC=F?NL;D?=NILC?MJL?>C=N?><SNB? #!MCGOF;NCIH;L?JLIPC>?>NINB?$1"
MCGOF;NCIHNIJLI>O=?MSHNB?NC=M=;HH?L>;N; 1BIM?>;N;G;SNB?H<?JLIPC>?>
NI* -"-1NIL?JLI>O=?NB?JL?M=LC<?>NL;D?=NILC?M 1BCM;FFIQM;H?R;GCH;NCIH
I@NB?AII>H?MMI@NB?* -"-1G?;MOL?G?HN@ILNB?MJ?=C@C=;JJFC=;NCIH ;H>
G;SI@@?L;H?@@C=C?HN;JJLI;=BNIN?MNCHA* -"-1CGJLIP?G?HNM 
1B?=IG<CH;NCIHI@ #!;H>$1";H>* -"-1CM;FMIOM?@OFNI>?@CH?;=NCPCNS
I@NB?NL;=?LM;H>NIC>?HNC@SM=;HH?LM?NNCHAM;H>* -"-1M?NNCHAM<?MNMOCN?>NI
;G?;MOL?G?HN=B;FF?HA? 










"%#%(!
%#%&##'(
 ";>5?=;:95>>5;:%;9;3=-<4D1:1=-8#1A51B

-IMCNLIH"GCMMCIH1IGIAL;JBS-"1A?H?L;N?M;!CG;A?C ? NIGIAL;JBI@
JIMCNLIH?GCNN?L;=NCPCNSCHMC>?;M=;HH?L#C?F>I@3C?Q#,3 -IMCNLIH?GCNN?LM
;L?CMINIJ?MNB;NB;P?;JLINIH?R=?MMCHNB?CLHO=F?OM 1BCM?R=?MMG;E?MNB?M?
;NIGMOHMN;<F? &HIL>?LNI;=BC?P?MN;<CFCNS NB?M?CMINIJ?ML?F?;M?JIMCNLIHMCH
;JLI=?MM>?M=LC<?><S1OLH?L  


   C -2 C )

1B?NIN;F?H?LASL?F?;M?>CHNB?>?=;S@LIG5NI6CMMB;L?><SNB?JIMCNLIH β+ 
;H>NB??GCNN?>H?ONLCHI ν 1B?JIMCNLIHM?GCNN?>B;P?;>CMNLC<ONCIHI@?H?LAS
MCGCF;LNINB;NJL?M?HN?>CH#CAOL?  

1B?NIN;F?H?LASNB;NNB?JIMCNLIH=;HB;P?CMACP?H<SNB??KO;NCIH


A F 7 D 4 D "9  1 

4B?L?ΔP CMNB?G;MM?R=?MMI@NB?J;L?HN ΔDCMNB?G;MM?R=?MMI@NB?
>;OABN?L meCMNB?G;MMI@?F?=NLIH;NL?MN;H>cCMNB?MJ??>I@FCABN 

1B??H?LASNB;N;JIMCNLIH=;LLC?MION>?N?LGCH?MBIQ@;LCN=;HNL;P?FCHMC>?;
G?>COG<?@IL?CN;HHCBCF;N?M 1B?;HHCBCF;NCIHI@;JIMCNLIHI==OLMQB?HCN
CHN?L;=NMQCNB;H?F?=NLIHJL?M?HNCHNB?G?>COG #CLMN;JIMCNLIHY?F?=NLIH
=IGJF?RCM@ILG?> MCGCF;LNI;BS>LIA?H;NIG NB?HNB?S;HHCBCF;N?;H>L?F?;M?
NQIA;GG;L;SM-B?FJM  1B?M?A;GG;L;SM?;=BB;P??H?LASI@
E?3 ;H>;L??GCNN?>CHIJJIMCN?>CL?=NCIHM 1BCMJLI=?MMCM?RJF;CH?>AL;JBC=;FFS
CH#CAOL?  &@NB?NQIA;GG;M;L?>?N?=N?><SNQI>C@@?L?HNM?HMILM NB?FCH?
NB;NDICHMNB?M?NQIM?HMILM ; ICH=C>?H=?)CH? J;MM?MH?;LNB?FI=;NCIHI@NB?
MIOL=? 1BCM@?;NOL?CMOM?>CH-"1M=;HH?LMNI>?@CH?;HCG;A?I@NB?;=NCPCNS
>CMNLC<ONCIH-B?FJM  

1B?>?N?=NCIHI@NB?;HHCBCF;NCIHJBINIHCH;-"1M=;HH?LI==OLMCH;M=CHNCFF;NIL
G;N?LC;F 1B?;HHCBCF;NCIHJBINIH>?JIMCNMCNM?H?LASCHMC>?NB?M=CHNCFF;NILCHNB?
@ILGI@;JBINI?F?=NLC=?@@?=NIL; IGJNIHM=;NN?LCHA INBJLI=?MMF?;P?;H
?R=CN?>;NIGCHMC>?NB?M=CHNCFF;NILNB;N?GCNM;H?QJBINIHQB?HCN>?=;SMNICNM
<;M?MN;N? 0=CHNCFF;NILG;N?LC;FCHNB?@ILGI@=LSMN;FM;L?=IGGIHCH-"1
M=;HH?LMMO=B;MCMGONB$?LGCH;N?,RC>?$, )ON?NCOG,LNBIMCFC=;N?
)0, ;H>1B;FFCOG>IJ?> 0I>COG&I>C>?+;&1F0;B;  






#CAOL?  1SJC=;FJIMCNLIH?H?LAS>CMNLC<ONCIH











#CAOL?  $L;JBC=M=B?G?I@NB?JIMCNLIH;HHCBCF;NCIHJLI=?MM










1B?=LSMN;F>?N?=NILM;L?I@N?H;LL;HA?>CH<FI=EMNB;N@ILG;LCHA;MMBIQHCH
#CAOL?  ";=B<FI=EI@>?N?=NILMJICHNMNINB?=?HN?LI@NB?M=;HH?L ;H>NB?S
;L?=IHH?=N?>NI-BINI*OFNCJFC?L1O<?M-*1NB;NNL;HMF;N?NB?>? ?R=CN;NCIH
JBINIHCHNI;H?F?=NLC=JOFM? 4B?HJBINIHM;L?>?N?=N?>;NNQIFI=;NCIHM>OLCHA
;MBILNNCG?CHN?LP;F=ICH=C>?H=?QCH>IQ ;=ICH=C>?H=?FCH?CM>?@CH?> H
?R;GJF?I@=ICH=C>?H=?FCH?M )CMJL?M?HN?>CH#CAOL? 0;B;  

1B?HOG<?LI@FCH?MNB;N;L?;<F?NI<?JLI>O=?>CMFCGCN?><SNB?;==?JN;H=?
;HAF?I@NB?>?N?=NIL #CAOL? JL?M?HNM;AL;JBC=?R;GJF?I@MO=B;HAF? 
1BCM;HAF?=;H<?=OMNIGCT?><SNB?OM?LQCNBCHJL? >?@CH?>FCGCNM F;LA?
;==?JN;H=?;HAF?CH=L?;M?MNB?@C?F>I@PC?QI@?;=B=LSMN;F <ONG;S;FMIL?>O=?
NIGIAL;JBC=L?MIFONCIH0;B;  

1B?FCH?NB;NFC?M<?NQ??HNQI=LSMN;FMCM=;FF?>)CH?I@/?MJIHM?),/ 1B?
HOG<?LI@),/CM>?N?LGCH?><SNB?HOG<?LI@=LSMN;FM;H>NB?;==?JN;H=?
;HAF?-B?FJM  4B?HNB?>?N?=NCIHI@NQI;HHCBCF;NCIHJBINIHMI==OLM
;FIHA;),/ ; ICH=C>?H=?)CH? )CML?=IL>?>NB;N=ILL?MJIH>MNIIH?I@NB?
;P;CF;<F?),/ 1B?;=KOCMCNCIHMI@NQ;L?OM?MNB? )MNIL?=L?;N?;HCG;A? 

 )>?N?=NCIH<?ACHMQCNBJBINIHJLI>O=NCIH;NNQI=LSMN;F>?N?=NILM @IFFIQ?>
<S-*1L?MJIHM? ?H?LAS>CM=LCGCH;NCIH;H>;=CL=OCNNB;N=IOHNMNQIMCHAF?
>?N?=NCIHM;M;=ICH=C>?H=??P?HNIL )QB?HNB?S;L?L?ACMN?L?>CHMC>?;
=ICH=C>?H=?NCG?QCH>IQ-B?FJM  0;B;  1B?L?CM;JLI=?MMCHA
NCG?NINBCMJLI=?MM ;H>QCNBCHNBCMNCG? ;HS>?N?=NCIHMCHNB;N>?N?=NIL<FI=EQCFF
HIN<?L?ACMN?L?><SNB?G;=BCH? 1BCMNCG?CMEHIQH;M>?;>NCG? ;H>CN;@@?=NM
NB?HOG<?LI@ )MNB;N=;H<?=IOHN?>J?LOHCNNCG? H;>>CNCIH;F@;=NILNB;N
=IHNLC<ON?MNINB?>?;>NCG?CMNB?NCG??F;JM?>CHNB?>?=;SI@NB??R=CN?>;NIG
CHNB?>?N?=NILG;N?LC;F 1BCMNCG?CM=;FF?>NB?M=CHNCFF;NCIH>?=;SNCG?-B?FJM 
 

1B?L?;L?MIG?JBSMC=;FJLI=?MM?M FCE?NCG?I@@FCABN M=CHNCFF;NCIH>?=;SNCG? 
;H>M=;NN?LCHMC>?NB?G?>COGNB;NG;E?=ICH=C>?HN>?N?=NCIHMF?MMNB;HJ?L@?=NFS
=ICH=C>?HN 1B?=ICH=C>?H=?QCH>IQCM;LIOH>NIHM@ILNB?&HP?IH-"1
M=;HH?LQCNB)0,=LSMN;FM 

==C>?HN;F )M;L?;FMI=L?;N?>>OLCHA;M=;H 1B?M?;L??P?HNMNB;N>IHIN
H?=?MM;LCFS=ILL?MJIH>NINB?>?N?=NCIHI@NQI;HHCBCF;NCIHJBINIHM@LIGNB?
M;G?JIMCNLIH?GCMMCIH GIHANB?ILCACHMI@NB?M? )M;L?;0=;NN?L?>
=ICH=C>?H=?JBINIHM <L;H>IG=ICH=C>?H=?M;H>=GOFNCJF?=ICH=C>?H=?M
-B?FJM  #CAOL? MBIQM?R;GJF?MI@NB?M?;==C>?HN;F ) 1B?L;H>IG
;H>GOFNCJF?=ICH=C>?H=?MJLI>O=?OHNLO? ) ;H>I==OLGIL?I@N?HQB?HNB?
=IOHNL;N?CMBCAB 






/CHAI@>?N?=NILMI@;-"1M=;HH?L;H>; )FCH?


==?JN;H=?;HAF?CH;-"1M=;HH?L
#CAOL?  0=B?G?I@NB?>?@CHCNCIHI@ ICH=C>?HN)CH?;H>==?JN;H=?HAF?CH;-"1M=;HH?L
0;B; 











1LO? ICH=C>?H=?M

0=;NN?L?> ICH=C>?H=?M





/;H>IG ICH=C>?H=?M

!*OFNCJF? ICH=C>?H=?M





"1LO? ICH=C>?H=?M

#*OFNCJF? ICH=C>?H=?M

#CAOL?  $L;JBC=;FL?JL?M?HN;NCIHI@NB?JIMMC<F?;==C>?HN;F )NB;N=;H<?>?N?=N?>CH;-"1
M=;HH?L 







 :A1;:"%$/-::1=

1B?&HP?IHCM;-"1M=;HH?LJLI>O=?><S0C?G?HMNICG;A?MG;FF;HCG;FM #IL
NBCML?;MIH CNM>CG?HMCIHM;FFIQCNNI<?GO=BGIL?JILN;<F?NB;HM=;HH?LM
>?MCAH?>@ILBOG;HM 1BCM@?;NOL?G;E?MCNP?LSP;FO;<F?@ILL?M?;L=BALIOJM
QCNBMG;FFMJ;=?;P;CF;<F? #CAOL? MBIQM;JC=NOL?I@NB?&HP?IHQCNB
>CG?HMCIHM 

1B?>?N?=NIL<FI=EM;L?G;>?I@;H;LL;SI@×)0,=LSMN;FM ";=B=LSMN;F
B;M>CG?HMCIHM × ×GG QCNBNB?GG>CG?HMCIHILC?HN?>;FIHANB?
L;>COMI@NB?M=;HH?L<IL? 1B?;LL;SM;L?JF;=?>CH@IOLLCHAM MINB?S@ILG
?CABNSLIQMCHNB?>CL?=NCIHI@NB?<?>GIP?G?HN 0CRN??H<FI=EM=IGJLCM??;=B
&HP?IH>?N?=NCIHLCHA MO=BNB;N =LSMN;FMLCHAM×<FI=EM×=LSMN;FM
MOLLIOH>NB?@C?F>I@PC?Q 1BCMM=;HH?LCM=;J;<F?I@=IFF?=NCHAH?;LGCFFCIHNLO?
)J?LM?=IH>0C?G?HM  =NCPCNSCHNB?M=;HH?L<IL?CMH?;LG CNI
;=BC?P?GCFFCIHNLO? )J?LM?=IH> 

)0,=LSMN;FMB;P?;>?HMCNSI@ AG=G ;H>;FCH?;L;NN?HO;NCIH=I?@@C=C?HNI@
 μG 1B?G;DILCNSI@;HHCBCF;NCIHJBINIHMCHN?L;=NCHMC>?NB?GG
G;RCGOGCHN?L;=NCIHL;HA?0;B;  1BCM@?;NOL?CM=IGJF?G?HN?>QCNB;
FIQM=CHNCFF;NCIH>?=;SNCG?HM;H>G?>COGL?F;NCP?FCABNIONJONI@
+;&1F ILJBINIHMJ?LE?3I@JBINIH?H?LAS 1B?F;MNJ;L;G?N?LG?;MOL?M
NB?;<CFCNSI@NB?=LSMN;FNIJLI>O=?>? ?R=CN;NCIHJBINIHMJ?LE?3I@;HHCBCF;NCIH
JBINIH;<MIL<?> 

1B?)0,=LSMN;FMJL?M?HNNB?JLI<F?GI@NB?)O>?=;S 1BCMH;NOL;FCMINIJ?I@
NB?FON?NCOG>?=;SMPC;NB??GCMMCIHI@;H?F?=NLIHI@E?3 ;H><SNB?
?GCMMCIHI@RL;SM;NE?3*=&HNIMB?N;F  1B?JL?M?H=?I@NB?RL;SM
=;H=L?;N?JBINIHJLI>O=NCIHCHMC>?NB?>?N?=NIL;H>L;H>IG )NB;N=;H<FOL
NB?CG;A? 1BCM>CM;>P;HN;A?=;H<?=IHNLIFF?><S>?@CHCHA;L?MNLC=N?>?H?LAS
QCH>IQ 1B?;HHCBCF;NCIHJBINIHMB;P?;H?H?LASI@E?3 <ONM=;NN?L;H>
I<FCKO?>?N?=NCIHG;SL?>O=?NBCMP;FO? 1B?L?@IL? NB?L?MNLC=N?>?H?LASQCH>IQ
L?>O=?MNB?M=;HH?L?@@C=C?H=SMFCABNFS #ILNBCM>CMM?LN;NCIH NB??H?LASQCH>IQ
OM?>CMNIE?3 QBCF?NB?>?@;OFNM?NNCHACMNIE?3 

1B?>?N?=NIL<FI=EMQCNB=LSMN;FM?;=B;L?=IOJF?>NI=B;HH?F-IMCNCIH
0?HMCNCP?-BINI*OFNCJFC?L1O<?M-0-*1 1B?=CL=OCNLSI@NBCM-0-*1C>?HNC@C?M
NB?JIMCNCIHI@CHN?L;=NCIHNINB?H?;L?MN=LSMN;F=?HNLIC> 1BCM@?;NOL?JLIPC>?MNI
NB?&HP?IH;MJ;NC;FL?MIFONCIHI@ GG#OFF4C>NB%;F@*;RCGOG#4%*;N
NB?=?HN?LI@NB?@C?F>PC?Q0C?G?HM  1B?#OFF4C>NB%;F@*;RCGOG
#4%*CM>?@CH?>OMCHA;EHIQH;=NCPCNS;H>;MJ?=C;FFS>?MCAH?>JB;HNIG
+"*+2  

1B?>?N?=NCIH?@@C=C?H=SCMG?;MOL?>;M ;NNB?=?HN?LI@NB?#,3OMCHANB?






#CAOL?  &HP?IHJC=NOL?QCNB>CG?HMCIHM










>?@;OFN?H?LASQCH>IQI@ E?3 1BCMP;FO?CM=FIM?NINB? L?JILN?>
CH;I?N;F  1B?>?N?=NCIH?@@C=C?H=SCMNB? )=IOHNL;N?L?ACMN?L?>IP?L
NB?;=NCPCNSI@NB?MIOL=? 0IG?;ONBILM;FMI=;FFNBCMJ;L;G?N?LM?HMCNCPCNS <ON
NBCMN?LGCMGIL?L?F;N?>NINB? )=IOHNNINB?=IH=?HNL;NCIHI@NB?JIMCNLIH
?GCNN?LCHMC>?NB?PIFOG? 1B?>?N?=NCIH?@@C=C?H=SB;M;J?;E;NNB?=?HN?LI@NB?
#C?F>I@3C?Q#,3 ;H>>?=;SMH?;LFCH?;LFS;MIH?GIP?MNINB??>A?MI@NB?
@C?F>I@PC?Q 


 ";>5?=;:95>>5;:"-=?5/81%=-/75:3


-IMCNLIH"GCMMCIH-;LNC=F?1L;=ECHA-"-1CM;N?=BHCKO?NB;NOM?MNB?<;=ENI
<;=E;HHCBCF;NCIHJBINIHM>?N?=N?><S;-"1M=;HH?LNI>?N?LGCH?NB?FI=;NCIHI@
NB?MIOL=?J;LNC=F? &@;M=;HI@;GIPCHAMIOL=?J;LNC=F?CMJ?L@ILG?>
=IHNCHOIOMFS NB?NL;D?=NILSI@NBCMJ;LNC=F?=;H<?L?=IHMNLO=N?><S>CPC>CHANB?
M=;H>;N;CHNINCG?CHN?LP;FM ;H>OMCHA>;N;@LIG?;=BCHN?LP;FNIFI=;N?NB?
J;LNC=F?CHNB;NNCG? 1BCMN?=BHCKO?Q;MJLIJIM?><S0B;QCH0B;Q 
 %?JLIJIM?>NB?>?N?=NCIHI@A;FFCOGBS>LIRC>?J;LNC=F?M>CMNLC<ON?>CHMC>?
NB?<FII>@FIQ 1BCM>?N?=NCIHQIOF><?>IH?CHNB?L?ACIHI@NB?B?;LN<SBCAB
L?MIFONCIHBCABMJ??>A;GG;>?N?=NILM %?;FMIMOAA?MN?>NB;NNB?M?>?N?=NILM
GCABNB;P?<??HGOFNC QCL?JLIJILNCIH;F=B;G<?LM=IOJF?>NI;GGF?;>
=IHP?LN?L0B;Q  -LIJILNCIH;F=B;G<?LM;L?A;M@CFF?>>?N?=NILMNB;N
=IFF?=NNB??H?LAS>?JIMCN?>CHNB?CLPIFOG? H;HI>?JF;=?>;NNB?=?HN?LI@NB?
=B;G<?L=IFF?=NMNB??F?=NLIHMFC<?L;N?>CHMC>?NB?A;M;@N?L;HCHN?L;=NCIH 1B?
?H?LAS>?JIMCN?>CMJLIJILNCIH;FNINB??H?LASI@NB?CH=C>?HNL;>C;NCIHJ;LNC=F?IL
JBINIH *OFNC QCL?JLIJILNCIH;F=B;G<?LMOM?NB?M;G?JLCH=CJF? <ONB;P?
M?P?L;F;HI>?M MINB?>?N?=NCIHCMJIMCNCIHM?HMCNCP?-LIMJ?L?N;F  H
?R;GJF?I@;GOFNC QCL?A;M>?N?=NILCMJL?M?HN?>CH#CAOL?  

-;LE?L?N;F-;LE?L?N;F NIIENBCMC>?;;H>JLIJIM?>;H;FAILCNBGNI
>?N?=NIH?J;LNC=F?CHMC>?;A;GG;=;G?L;M?NOJ@IL=ICH=C>?H=?>?N?=NCIH
-;LE?L?N;F  1B?;FAILCNBG?MNCG;N?MNB?FI=;NCIHI@;J;LNC=F?<S@CH>CHA
;JICHNCHMJ;=?NB;NGCHCGCT?MNB?MOGI@NB?J?LJ?H>C=OF;L>CMN;H=?NINB? )
H?;L<S -;LNC=F?NL;=ECHA<?ACHM<S>CPC>CHANB?M=;HH?LIONJONCHNI;H;LL;SI@
NCG?CHN?LP;FM -;LNC=F?FI=;NCIHM;L??P;FO;N?>OMCHA )CH?;=BNCG?CHN?LP;F 
1B?J;LNC=F?NL;D?=NILSCM=IHMNLO=N?>@LIGNB?;LL;SI@J;LNC=F?FI=;NCIHM 1BCM
N?=BHCKO?Q;M;<F?NI@CH>;H>NL;=EIH?J;LNC=F? ;H>CNQ;M;JJFC?>NINB?MNO>S
I@@FIQ@?;NOL?MI@J;LNC=OF;N?G?>C;CHMC>?;LIN;NCHA>LOG-;LE?L?N;F  
0CH=?IHFSIH?J;LNC=F?Q;MFI=;N?>CHMC>?NB?#,3 CNQ;M;MMOG?>NB;N?;=B )
=IG?M@LIGNB?>?=;SI@NBCMJ;LNC=F? ;M?>IHNBCMJL?GCM? NB?OH=?LN;CHNSI@
J;LNC=F?FI=;NCIHCMCHP?LM?FSJLIJILNCIH;FNINB?MKO;L?LIINI@NB? )=IOHN 

C=E?FF?N;FC=E?FF?N;F JLIJIM?>;H?Q;FAILCNBG<;M?>IHNB?<;=ENI
<;=EJLID?=NCIHG?NBI>OM?>NIL?=IHMNLO=NCG;A?MCH-"1 1B?G?NBI>>CPC>?M




#CAOL?  0=B?G?I@;GOFNC QCL?=B;G<?L







NB?#,3CHNI;!ALC>;H>NB?H=IOHNMNB?HOG<?LI@ )NB;NJ;MMCHMC>??;=B
<IRI@NB?ALC> 1B?L?MOFNI@NBCMMN?JCM;G;NLCRNB;NL?JL?M?HNMNB? )
>CMNLC<ONCIHCHMC>?NB?#,3I@NB?M=;HH?L 1B?<IRCHMC>?NB?ALC>QCNBBCAB?MN
)=IOHNCMNB?HOM?>NI@CN;!$;OMMC;H>CMNLC<ONCIHI@NB?=IOHN 1B?=?HNLIC>
I@NBCM$;OMMC;H>CMNLC<ONCIHCM=IHMC>?L?>NI<?NB?FI=;NCIHI@NB?J;LNC=F? 
C=E?FF=IHMC>?LNB?OH=?LN;CHNSI@NBCMG?NBI>NI<?JLIJILNCIH;FNINB?#OFF4C>NB
%;F@*;RCGOGI@NB?>CMNLC<ONCIH>CPC>?><SNB?MKO;L?LIINI@NB? )=IOHN 1B?
;FAILCNBGQ;M;<F?NI@CH>GIL?NB;HIH?J;LNC=F? <ONCNQ;MH?=?MM;LSNI
;JJLIRCG;N?FSEHIQNB?CLFI=;NCIHMCH;>P;H=? 1BCMG?NBI>Q;MN?MN?>QCNB
M?P?L;FJ;LNC=F?MGIPCHACH=CL=OF;LJ;NBMC=E?FF?N;F  

4CAACHM?N;FOM?NB?M;G?ALC>>?HMCNS=IH=?JN ;H>=IG<CH?CNQCNBNB?$
G?;HM=FOMN?LCHAN?=BHCKO? 1B?;FAILCNBGJLIJIM?><S4CAACHM>CPC>?MNB?#,3
CHNI;!ALC>;H>=IOHNMNB? )NB;NJ;MMNBLIOAB?;=BPIFOG? 1B?HNB?ALC>
?F?G?HNQCNBG;RCGOG )=IOHNCM@IOH> @L;=NCIHI@NBCMG;RCGOG=IOHNCM
MO<NL;=N?>@LIG;FFNB?INB?LG?G<?LMI@NB?ALC> ;H>NB?<IR?MQCNB;H?A;NCP?
>C@@?L?H=?;L?M?NNIT?LI 1B?@L;=NCIHOM?>CM<;M?>IHNB?J;LNC=F?;=NCPCNS;H>
IHNB?<;=EALIOH>=IOHN 1B?L?G;CHCHA>;N;;L?ALIOJ?>CHNI=FOMN?LMOMCHA;
M?LC?MI@MN;NCMNC=;FN?MNM4CAACHM?N;F  1B?=?HNLIC>I@NB?M?=FOMN?LM;L?
=IHMC>?L?>NB?FI=;NCIHI@NB?J;LNC=F? 1B??PIFONCIHI@NBCM;FAILCNBGCM>?JC=N?>
CH#CAOL?  

1B?NL;D?=NILC?MCH4CAACH]MQILE;L?@IOH><SG;N=BCHANQIJ;LNC=F?M;N>C@@?L?HN
NCG?@L;G?MNB;NB;P?;>CMJF;=?G?HNF?MMNB;H;P;FO?>G;R QBC=BCM?KO;FNI
NB?NCG?MN?JNCG?MNB?G;RCGOG?RJ?=N?>P?FI=CNSI@NB?J;LNC=F? 1BCMJLI=?MM
CM>IH?NBLIOABNB?*OHEL?M;FAILCNBG*OHEL?M  (OBH  

$ G?;HMN?=BHCKO?B;M<??HN?MN?>QCNBJ;LNC=F?MGIPCHACHEHIQHJ;NBM;MQ?FF
;MJ;LNC=F?MGIPCHACHMC>?@FIQCHA@FOC>M 4CAACHM?N;F@CLMNN?MN?>$ G?;HMQCNB;
M?NI@J;LNC=F?MGIPCHACHMC>?;--"1M=;HH?L4CAACHM?N;F  );HA@IL>
?N;FOM?M$ G?;HMNI=IGJ;L?NB?@FOC>=B;L;=N?LCMNC=M>?LCP?><S* -"-1;H>
%CAB0J??>3C>?I%03N?=BHCKO?M@IL@FIQCH;L?=N;HAOF;L=B;HH?F 1B?
G?;MOL?G?HNMQ?L?HINMCGOFN;H?IOM MINCG?;P?L;A?>@FIQJ;L;G?N?LMQ?L?
OM?>@IL>;N;=IGJ;LCMIHM 1B?L?MOFNMI@NB?G?;MOL?G?HNM;L?P?LSMCGCF;L
);HA@IL>?N;F  %IQ?P?L MJ?=C@C=J;L;G?NLC=OH=?LN;CHNC?MCHCH>CPC>O;F
NL;D?=NILC?M=IOF>HIN<??MN;<FCMB?> 

*IL?L?=?HNFS 4CAACHM?N;F4CAACHM?N;F JLIJIM?NB?@?;NOL?JICHN
C>?HNC@C=;NCIH#-&;JJLI;=BNI* -"-1QBC=BCM;H;>;JN;NCIHI@;QC>?FSOM?>
CG;A?JLI=?MMCHAG?NBI>& # 0<;FT;LCHC  1B?;FAILCNBGMN;LNM<S>CPC>CHA
NB?#,3CHNI;!ALC>;H>=IOHNCHANB? )NB;NJ;MMNBLIOAB?;=B?F?G?HN 1BCM
ALC>CMMGIINB?>OMCHA;<IR =;L;P?L;A?IP?L;=O<C=L?ACIHNIJL?=IH>CNCIHNB?
>;N; 1B?J;LNC=F?JIMCNCIHMCH#-&;L??MNCG;N?><S@CH>CHANB?FI=;FG;RCG;I@
NB? )=IOHNCHNB?MGIINB?>ALC> 1QIL?KOCL?G?HNM;L?N?MN?>@IL;PIR?FNI<?






1B?IH?>CG?HMCIH;FJLID?=NCIHI@NBCM
L?ACIH>I?MHING;N=B;HILG;F>CMNLC<ONCIH 
MINQI=?HNLIC>M;L?;MMCAH?> 

1B?JLI=?MMMN;LNM<S;MMCAHCHAIH?
=?HNLIC>NINB?L?ACIHCHNB?@L;G? 





1B?HILG;F@CNNCHAN?MNCMJIMCNCP?@ILIH?I@
NB?NQI=?HNLIC>M MI=?HNLIC>M;L?
A?H?L;N?> 

!1BL??H?Q=?HNLIC>M;L?A?H?L;N?>CH
;>>CNCIHNINB?IF>IH?M <ON?;=B=FOMN?L
>CMNLC<ONCIH@CNM;HILG;F=OLP? MINB?
;FAILCNBGMNIJM 

#CAOL?  "PIFONCIHI@NB?;FAILCNBGJLIJIM?><S4CAACHM?N;F4CAACHM?N;F  








OM?>;M;FI=;FG;RCGOG #CLMN NB? )=IOHNCMCHNB?OJJ?LLNBJ?L=?HNCF? 1B?LNB
P;FO?CM<;M?>IHNB?HICM?JL?M?HNCHNB?>;N; 0?=IH> NB? )=IOHNCHNB?
PIR?FGOMN<?AL?;N?LNB;HH?CAB<ILMQCNBCH;=O<?I@Q MC>? 4 QBC=BCMNB?
F?HANBI@NB?<IR=;L =;H<?M?N<SNB?OM?L &H=;M?I@;NC?<?NQ??HNQIPIR?FM
QCNBCHNBCM=O<? NB?JLCH=CJF?@CLMN=IG?@CLMNM?LP?>CMOM?> 0IIHFSNB?@CLMN
PIR?F>?N?=N?><SNB?;FAILCNBGCM=IHMC>?L?> 

1B?#-&G?NBI>B;M<??HOM?>NIC>?HNC@SOJNIMN;NCIH;LSJ;LNC=F?MCHNB?
@C?F>I@PC?Q ;H>OJNIGIPCHAJ;LNC=F?MMCGOFN;H?IOMFSCHMC>?NB?@C?F>I@
PC?Q 4CAACHM?N;F4CAACHM?N;F OM?MNB?$1"GI>?FI@NB?&HP?IHNI
N?MNNB?;<CFCNSI@NB?#-&;H>$ G?;HMG?NBI>MNIC>?HNC@SJ;LNC=F?MJF;=?>
IH;MJB?L?;LIOH>NB?=?HN?LI@NB?#,3 4BCF?$ G?;HMQ;M;<F?NI@CH>IHFS
I@NB?J;LNC=F?M #-&C>?HNC@C?>;FFI@NB?GQCNBJIMCNCIHOH=?LN;CHNSF?MMNB;H
 GGCHNB?NBL??>CL?=NCIHM %IQ?P?L NB?$1"MCGOF;NCIHQ;MHINP;FC>;N?>
@IL* -"-1;JJFC=;NCIH;H>Q;MEHIQHNIIP?L?MNCG;N?NB?HOG<?LI@ )
JLI>O=?><SNB?MIOL=? 4CAACHMHILG;FCT?ML?MOFNM;==IL>CHANINB?HOG<?LI@
)4CAACHM?N;F NI;==IGGI>;N?NBCM>?@C=C?H=S 1B?IP?L?MNCG;NCIHCH
)CM?R;GCH?>CHNBCM>CMM?LN;NCIHCHNB?/?MOFNMM?=NCIH 

-;N?F?N;FOM?NB?#-&G?NBI>NIMNO>SNB?JLIJ?LNC?MI@JOFM;NCF?@FIQCH;H
?F;MNC==CL=OF;LM?=NCIHJCJ? * -"-1OMCHA#-&Q;MOM?>NIFI=;N?;H>FCHE
J;LNC=F?MCHMC>?NBCM@FOC> ;H>NI>?LCP?NB?P?FI=CNS@C?F> 1B?S>?N?LGCH?NB;NNB?
OH=?LN;CHNSCHNB?FI=;NCIHI@NB?J;LNC=F?M@ILNB?#-&G?NBI>CMCHP?LM?FS
JLIJILNCIH;FNINB?HOG<?LI@ );P;CF;<F?NIFI=;N?NB?J;LNC=F? 1B?HOG<?LI@
)OM?>@ILFI=;NCIH=ILL?MJIH>NINBIM?CHMC>?NB?H?CAB<ILBII>I@F?HANB
Q  1B?FI=;NCIHJL?=CMCIHNB?L?@IL?CM<?MN;NNB?=?HN?LI@NB?@C?F>I@PC?Q
QB?L?M=;HH?L?@@C=C?H=SCMBCAB?MN ;H>NB?HOG<?LI@>?N?=N?>NLO? );L?
G;RCGOG ;H>>?AL;>?M;MNB?J;LNC=F?;JJLI;=B?MNB??>A?MI@NB?#,3QB?L?
?@@C=C?H=S>CGCHCMB?M 4CAACHM?N;F>?@CH?MNB?OH=?LN;CHNS;MNB?MN;H>;L>
>?PC;NCIHI@NB?G?;HI@NB?J;LNC=F?>;N;@ILNB?@FIQG?;MOL?G?HN QCNBM?P?L;F
NBIOM;H>J;LNC=F?NL;D?=NILC?MJL?M?HN QCNB?;=BNL;D?=NILSCH=FO>CHAH?;L
JIMCNCIHM-;N?F?N;F  #CAOL?  MBIQMNB?JL?>C=N?>OH=?LN;CHNS;M;
@OH=NCIHI@;RC;FFI=;NCIHCH#,3 


 1-:? <<85/-?5;:2;=%;9;3=-<45/95>>5;:%

-LCILP;FC>;NCIHI@NB?L?MOFNMJLIPC>?><S* -"-1B;M<??H>IH?G;CHFS@IL
?RJ?LCG?HN;F>;N; #OLNB?LL?@CH?G?HNI@* -"-1JL?=CMCIHEHIQF?>A?L?KOCL?M
P?LSJL?=CM?MIOL=?FI=;NCIH=IHNLIFILG?;MOL?G?HN >?@CHCN?MIOL=?FI=;NCIH
;H>NL;D?=NILS=;H<?A?H?L;N?>CHMCGOF;NCIH;H>OM?>CH$1"NIA?H?L;N?
MSHNB?NC=M=;HH?L>;N; 1B?MSHNB?NC=>;N;=;H<?OM?>NIA?H?L;N?* -"-1
L?MOFNM ;H>NB?JL?>C=N?>NL;D?=NILC?M=;H<?=IGJ;L?>NINB??R;=NJL?M=LC<?>
NL;D?=NILC?M 






#CAOL?  P?L;A?G?;MOL?>OH=?LN;CHNS@IL#-&* -"-1G?NBI>;M@OH=NCIHI@NB?;RC;F
>CL?=NCIHCH?;=BMJ;NC;F>CL?=NCIHM@IL;?F;MNC==CL=OF;LJCJ?-;N?F?N;F  










1B?$?;HNJ;LNI@$1"MCGOF;N?MNB?CHN?L;=NCIHI@L;>CI;=NCP?J;LNC=F?MQCNB
G;N?LNBLIOAB*IHN? ;LFIAIMNCH?FFC?N;F  ";=BMCGOF;NCIHGOMN<?
=I>?>CH
;H><?=IGJCF?><?@IL?CN=;H<?J?L@ILG?> 1BCMG;E?MNB?OM?I@
$?;HN=IGJFC=;N?>@ILOM?LMQCNBION?RJ?LC?H=?JLIAL;GGCHA 

$1"CM;H;JJFC=;NCIH>?P?FIJ?>CH$?;HNNB;NCM;FL?;>S=IGJCF?>;H>L?;>S
NI<?OM?> &N;FL?;>SCH=FO>?M;FFNB?GI>OF?ML?KOCL?>NIMCGOF;N?NB?CHN?L;=NCIH
I@?F?=NLIHM JIMCNLIHM ;FJB; A;GG;;H>RL;SMQCNBG;NN?L *IL?IP?L CN
CH=FO>?M@?;NOL?MNB;NMCGOF;N?MIG?I@NB?=IGJIH?HNMI@NB??F?=NLIHC==B;CHI@
-"1M=;HH?LM $1"=;H<?OM?>QCNBIONEHIQF?>A?I@


$1";L=BCN?=NOL?=IGJLCM?M@IOLF;S?LMI@=I>? 1B?@CLMNF;S?LB;MNB?NIIFM
JLIPC>?><S$?;HNNB;NQCFF<?OM?@OFCH-"1MCGOF;NCIH 1BCMNIIFCH=FO>?MNB?
G?=B;HCMGMNB;NG;H;A?A?IG?NLS =LIMMM?=NCIHM;H>INB?LJBSMC=;F>;N; 1B?
M?=IH>F;S?LCH=FO>?MG?=B;HCMGMJLIJ?LNI$1"FCE?NCG?G;H;A?G?HN 
L;>CI;=NCP?>?=;S;H>?F?=NLIHC==B;CHMCGOF;NCIH';H  1B?H?RNF;S?L
=IGJLCM?M?F?G?HNM>?LCP?>@LIGNB?@CLMNNQIF?P?FM 1B?G?=B;HCMGMI@NBCM
F;S?L;L?L?F;N?>NIMJ?=C@C=MB;J?M;H>PIFOG?M;MQ?FF;MNB?GIP?G?HNI@
A?IG?NLC=@ILGM;H>MIOL=?M 1B?OM?LF;S?LCMNB?F;MNF?P?F 1BCMCH=FO>?MNB?
>?>C=;N?>M=LCJNCHANB;N;FFIQMNB?OM?LNI=IHNLIF;H>J?L@ILGNB?MCGOF;NCIHM
NBLIOABNB?G;=LIF;HAO;A? 1BCMF;HAO;A?CM;M?LC?MI@=IGG;H>MNB;N=;H<?
?R?=ON?>FCH?<SFCH?CH;>SH;GC=QCH>IQ ILNBLIOAB;HCHJON@CF?=;FF?>G;=LI
@CF? #CAOL? MOGG;LCT?$1";L=BCN?=NOL?0 ';H  

,H?I@NB?GIMNCGJILN;HN@?;NOL?MI@$1"CMCNM;<CFCNSNIMCGOF;N?;NCG?
>?J?H>?HNJLI=?MM 1BCM@?;NOL?J?LGCNMNB?MCGOF;NCIHI@>?=;SCHACMINIJ?M;H>
GIPCHAMIOL=?M 0CH=?$"+1>I?MHIN;FFIQNB?GIP?G?HNI@PIFOG?M 
$1"MJFCNMNB?MCGOF;NCIHCHNINCG?MFC=?M N?;=BMFC=? ;FFNB?PIFOG?M;L?
=IHMC>?L?>;NL?MN MI$"+1CM;<F?NI=IGJON?NB?L;>C;NCIHCHN?L;=NCIHM
QCNBCH;FF<I>C?MCHNB?MSMN?G #CH;FFS $1"MSH=BLIHCT?M;FFNB?PIFOG?
JIMCNCIHMQCNBNB?;=NCPCNC?MI@NB?MIOL=?M MINB?MCGOF;NCIH=;H=IHNCHO? 4B?H
NB?NCG?MFC=?M;L?MG;FF?HIOAB <;M?>IHNB?L;N?I@=B;HA?I@NB?MCGOF;NCIH 
NB?L?MOFNM;L?P?LSMGIINB;H>L?=L?;N?NB?GIP?G?HNI@PIFOG?M;H>MIOL=?M
0 ';H  


 %0535?5E1=

$1"MCGOF;NCIHI@-"1M=;HH?L?F?=NLIHC==B;CHCM>IH?NBLIOABNB?>CACNCT?L
GI>OF? 1BCMGI>OF?B;MMIG?MO<GI>OF?MNB;NGCGC=@?;NOL?MI@NB?L?;F-"1
M=;HH?LMFCE??H?LAS<FOLLCHA ?H?LASQCH>IQ ?F?=NLIHC=HICM? >?;>NCG?;H>
FIAC=@ILNB?=ICH=C>?H=?MILNCHA 1B?>CACNCT?LN;E?M$"+1IONJON=;FF?>BCNM
;H>NL;HM@ILGMNB?GCHNIMCHAF?M 1B?HNB?>CACNCT?LJLI>O=?M=ICH=C>?H=?MION
I@NB?MCHAF?MOMCHA;=ICH=C>?H=?MILN?LGI>OF?NB;NGCGC=M-"1=CL=OCNLS 1B?






#CAOL?  $1";L=BCN?=NOL?M=B?G?0 ';H 










=IGJF?N?JLI=?MM@IFFIQ?><S$1"NIJLI>O=?=ICH=C>?H=?MCMCH#CAOL? 
0 ';H  *IL?>?N;CFM;<ION$1"IJ?L;NCIH;L?JLIPC>?>CHNB?*?NBI>
;H>*;N?LC;F=B;JN?LI@NBCM>CMM?LN;NCIH 


 $@99-=D-:0!.61/?5A1>

* -"-1CM;N?=BHCKO?NB;NOM?MNB?<;=ENI<;=EJBINIHMJLI>O=?>;@N?LNB?
;HHCBCF;NCIHI@;JIMCNLIH?GCNN?><S;MIOL=?CHIL>?LNIFI=;N?NB?JIMCNCIHI@NB?
MIOL=? 1BCMJIMCNLIH?GCNNCHAMIOL=?G;S<?CH=ILJIL;N?>CH;@FOC>CHIL>?LNI
>?LCP?CH@ILG;NCIHMO=B;MP?FI=CNS;H>;==?F?L;NCIHCHNB?@FIQ * -"-1B;M
<??HOM?>CH>C@@?L?HN?KOCJG?HN;H>@FIQ=B;HH?FM;H>CM;N?=BHCKO?NB;N=;H
<?OM?>CH>C@@?L?HN@C?F>M@LIG?HACH??LCHANIG?>C=CH? 

&HIL>?LNIN?MN* -"-1;<CFCNC?MCH;JL?=CM?;H>@F?RC<F?G;HH?L ;MCGOF;NCIH
NIIFCML?KOCL?> 1B?MIOL=?FI=;NCIH;H>NL;D?=NILSP;FO?M;L?JL?M=LC<?>CH;
MCGOF;NCIH;H>JLIPC>?>NI$1"NIA?H?L;N?MSHNB?NC=M=;HH?L>;N; 0SHNB?NC=
M=;HH?L>;N;;L?NB?HJLIPC>?>NI* -"-1;H>NB?NL;D?=NILC?M;L?L?=IHMNLO=N?>
;H>=IGJ;L?>NINB?JL?M=LC<?>NL;D?=NILC?M 1BCMCGJLIP?MNB?OH>?LMN;H>CHAI@
* -"-1;H>MNL?;GFCH?M@OLNB?LN?MNCHAI@NB?N?=BHCKO? 1BCMQILE?P;FO;N?MNB?
J?L@ILG;H=?I@$1"M=;HH?LMCGOF;NCIHCH=IGJ;LCMIHNIL?;FM=;HH?L>;N; 
;H>NB?H;JJFC?MMCGOF;N?>>;N;;H>M=;HH?L>;N;@ILMN;NCIH;LS;H>GIPCHA
JICHNMIOL=?MNINB?* -"-1G?;MOL?G?HN 1BCM>CMM?LN;NCIHI@@?LM;H
?P;FO;NCIHI@$1"@IL* -"-1;JJFC=;NCIHM 

&HNBCM>CMM?LN;NCIH;$1"GI>?FI@;H&HP?IHJL? =FCHC=;F-"1M=;HH?LCM
;MM?MM?>QCNBMJ?=C@C=;NN?HNCIHNI;NNLC<ON?MCGJILN;HNNI* -"-1 JO<FCMB?>
$1"GI>?FI@NB?&HP?IHNB;NQ;MP;FC>;N?>@IL-"1;JJFC=;NCIHCMOM?>@ILNB?
MCGOF;NCIHM)???N;F  1B?L?MOFNMI@JICHNMIOL=?JIMCNCIH;H>NL;D?=NILS
G?;MOL?G?HNMA?H?L;N?>CH$1"MCGOF;NCIH;L?JLI=?MM?>QCNB#-&* -"-1
;H>;L?=IGJ;L?>NI* -"-1JL?>C=NCIHOMCHA>;N;@LIG;H;=NO;F&HP?IHQCNB
C>?HNC=;FMIOL=?JIMCNCIH;H>GIP?G?HNM +;JICHNMIOL=?I@μ C 
?H=;JMOF;N?> ;H>B?F>CH;JB;HNIGNICHNLI>O=?MIG?M=;NN?LCHA CMOM?>CHNB?
JBSMC=;FN?MNM;H>CHMCGOF;NCIH !CL?=N=IGJ;LCMIHMI@NB?$1"MCGOF;NCIH;H>
JBSMC=;FM=;HH?L>;N;;L?J?L@ILG?>CHCNC;FFS @IFFIQ?><S=IGJ;LCMIHI@NB?*
-"-1L?JLI>O=NCIHI@J;LNC=F?JIMCNCIHM;H>GIP?G?HNM=L?;N?>OMCHAMCGOF;N?>
;H>L?;FM=;HH?L>;N; 







#CAOL?  $1"CH@ILG;NCIH@FIQ
















"%#%#
%#$ %!$
 A-8@-?5;:;2?41:A1;:"%>/-::1=
 ! ! "
1B??RJ?LCG?HNM;L?J?L@ILG?>CH;&HP?IH>?>C=;N?>-"1!-"1M=;HH?L
M?LC;FHOG<?L JLIJ?LNSI@NB?2HCP?LMCNSI@1?HH?MM?? (HIRPCFF? 1B?
=IHNLIFI@NB?G;=BCH?CM>IH?NBLIOAB;%-=IGJON?LGI>?F7M?LC;FHOG<?L
QCNB4CH>IQM5- 1B?MI@NQ;L?OM?>@ILNBCMJOLJIM?CMNB?&HP?IH
=KOCMCNCIH4ILEMN;NCIH&4JLIPC>?><S0C?G?HM 1B??H?LASQCH>IQOM?>
@ILNB??RJ?LCG?HNMCMNIE?3 OHF?MMINB?LQCM?CH>C=;N?> 1B?
=ICH=C>?H=?QCH>IQM?N@ILNB??RJ?LCG?HNMCM HM 

1B? )=IOHNHOG<?LI@?P?HNMCML?ACMN?L?>NBLIOABNB?>?@;OFNBCMNIAL;GGCHA
;FAILCNBGJLIPC>?><S&4 1B?BCMNIAL;GM?NNCHAMOM?>=ILL?MJIH>NINB?
>?@;OFNP;FO?M 1B?GI>?CMM?NNI?GCMMCIH NB?>?F;SM;L?MO<NL;=N?> NB?
MCHIAL;GQC>NBCM?KO;FNI NB?MJ;HCM;H>NB?LCHA>C@@?L?H=?CM #IL
NB?L?=IHMNLO=NCIH;FAILCNBG;FFNB?>?@;OFNM?NNCHAMCHNB?MI@NQ;L?;L?E?JN 
 ! ! 
1B?JICHNMIOL=?OM?>CMJLIPC>?><S0J?=NLOG1?=BHCKO?M &H= ,;E/C>A? 1+ 
1B?MIOL=?CM?H=FIM?>CH; GG%!-"=O<?NB;NB;M; GGBIF?>LCFF?>
NI;>?JNBI@ GGCHNB?=?HN?LI@IH?MC>? &HMC>?NBCMBIF? +;L;>CI;=NCP?
G;N?LC;FCMJF;=?>@ILGCHA;H?;LGG>C;G?N?LMJB?L?H?;LNB?=?HN?LI@NB?
=O<? 1B?BIF?CMM?;F?>OMCHA;G?NBI>>?P?FIJ?><SNB?MIOL=?JLIPC>?L 
0J?=NLOG1?=BHCKO?M &H= ,;E/C>A?1+ 

&HIL>?LNIB;H>F?NBCMMIOL=? ;%!-"MOJJILNB;F@=SFCH>?LCM@;<LC=;N?> 1B?
>L;QCHA>?MCAHM;L?CHNB?JJ?H>CR 1B?L;>COMI@NB?B;F@=SFCH>?LCM 
GG;H>NB?F?HANBCM GG ,P?LNB?@F;N@;=?I@NBCMMOJJILN @CP?MKO;L?
BIF?M;L?G;=BCH?>NI>?JNBI@ GG 1B?JOLJIM?I@NB?M?BIF?MCMNIB;H>F?
NB?=O<C=MIOL=?CH;MN;<F?G;HH?L #CAOL? JLIPC>?M; 1M=;HI@NB?MIOL=?
JF;=?>CHNB?=?HN?LJIMCNCIHIHNB?MOJJILN JC=NOL?I@NB?MOJJILNCMJL?M?HN?>
CH#CAOL?  1B?MB;J?I@NBCMMOJJILNCM<;M?>IHNB?JB;HNIGJLIPC>?><SNB?
0C?G?HM*IF?=OF;L&G;ACHANIJ?L@ILGNB?>;CFS=;FC<L;NCIHI@NB?M=;HH?L 

1B?FI=;NCIH;H>NB?GIP?G?HNI@NB?J;LNC=F?MCMG;H;A?><SNB?&HP?IH<?>
GINCIH=IHNLIF 1BCM=IHNLIFGIP?MNB?<?>CHNB?BILCTIHN;FT;H>P?LNC=;FS
>CL?=NCIH 0J?=C@C=R;H>S=IIL>CH;N?M=;H<?CHJONNBLIOABNB?&4QCNB;
JL?=CMCIHI@ GG 1B?GIP?G?HNI@NB?<?>=;H<?=IIL>CH;N?>QCNB-"1>;N;
;=KOCMCNCIHNI?RN?H>NB??@@?=NCP?@C?F>I@PC?QI@NB?M=;HH?L<SGIPCHANB?
MO<D?=N? A MH;E?ILFCT;L>NBLIOABNB?M=;HH?L#,3 1B?OM?L>?@CH?MNB?






#CAOL?  1L;HMGCMMCIHM=;HI@NB?=O<C=MIOL=?;H>NB?MOJJILNJB;HNIG











#CAOL?  -C=NOL?I@NB?=O<C=MOJJILNGIHN?>IHNB?MOJJILNJB;HNIG













NCG?I@NB?M=;H NB?F?HANBI@NB?PIFOG?NI<?M=;HH?> ;H>NB?HOG<?LI@
NCG?MNB?PIFOG?QCFFJ;MMNBLIOABNB?#,3 1B?=IG<CH;NCIHI@NB?M?
J;L;G?N?LMQCFF>?N?LGCH?;P?FI=CNS@ILNB?<?>GINCIH 1B?M?J;L;G?N?LM;L?
MJ?=C@C?><SNB?OM?LCHNB?=KOCMCNCIHJLINI=IFQCH>IQ ,H=?NB?M?J;L;G?N?LM
;L?M?N NB?OM?L>?@CH?MNB?CHCNC;FJIMCNCIHI@NB?PIFOG? 1BCMCM>IH?@ILIOL
?RJ?LCG?HNMNBLIOABNB?;FCAHG?HNI@NB?@LIHN?H>I@NB?MOJJILNQCNBNB?
JIMCNCIHCHAF;M?LIHNB?&HP?IH ,H=?NB?MOJJILNJB;HNIGCM;FCAH?> NBCMJICHN
CM=IHMC>?L?>NB?CHCNC;FJIMCNCIH@ILNB??RJ?LCG?HN 
!        
1B?L?MOFNMJLIPC>?><SNB?&HP?IH;H><S$1";L?JLI=?MM?><SNB?GOFNCJF?
-IMCNLIH"GCMMCIH-;LNC=F?1L;=ECHA* -"-1MI@NQ;L?>?P?FIJ?>CHNB?
2HCP?LMCNSI@1?HH?MM?? (HIRPCFF? 1BCMMI@NQ;L?L?KOCL?M;HCHJON@CF?NB;N=;H
<?;FCMNGI>?@CF?@ILNB?M=;HH?LL?MOFNMIL;N?RN@CF?@IL$1"L?MOFNM 1B?OM?L
CM;<F?NI>?@CH?QBC=BC>?HNC@C=;NCIH;FAILCNBGCMNI<?OM?>NI>?N?=NNB?J;LNC=F? 
1QIIJNCIHM;L?;P;CF;<F?$ G?;HM;H>#-& 1B?OM?L;FMI=;H>?@CH?QBC=B
FCHECHA;FAILCNBGNI?GJFIS 1B?IJNCIHM;L?*OHEL?M<;M?>H?;L?MNH?CAB<IL
C>?HNC@C=;NCIH;H>*OHEL?MQCNBGOFNC@L;G?JLID?=NCIH 

,NB?L;>P;H=?>IJNCIHM;L?;P;CF;<F?CH* -"-1

• 1B?G;RCGOG?RJ?=N?>P?FI=CNS;NQBC=BNB?J;LNC=F?MCMGIPCHA
• 1B?G;RCGOGHOG<?LI@NCG?MN?JM;FFIQ?>@ILFCHECHA
• 1B?FIQ?LF?P?F>CM=LCGCH;NIL@IL=IOHNMJ?LNCG?MN?J
• 1B?@L;=NCIHI@J?;EP;FO?OM?>;MJ;LNC=F?CHN?HMCNSNBL?MBIF>
• 1B?HOG<?LI@H?CAB<ILCHAALC>?F?G?HNMPIR?FM@ILFI=;FG;RCG;
=;F=OF;NCIH Q

1B?C>?HNC@C=;NCIH;FAILCNBGOM?>CH* -"-1CM#-& *OHEL?M<;M?>H?;L?MN
H?CAB<ILC>?HNC@C=;NCIHFCHECHACMOM?>NIL?=IHMNLO=NNB?NL;D?=NILC?M 1B?ALC>MCT?
OM?>CMGG !C@@?L?HNNCG?MN?JM;L?OM?>CHIL>?LNIMNO>SNB?MN;H>;L>
>?PC;NCIHI@NB?L?MOFNM 1B?<IR=;LMCT?OM?>CMM?NNINB?>?@;OFNP;FO?Q 
1B?L?MNI@NB?;>P;H=?>@?;NOL?MCH* -"-1;L?M?NNINB?CL>?@;OFNP;FO?M 

1B? )=IOHNJLIPC>?><S* -"-1;L?=IGJ;L?>QCNBNB?L?MOFNML?ACMN?L?><S
NB?&HP?IH #ILNBCMJOLJIM? ;J;LNC=F?MIOL=?CMJF;=?>CHMC>?NB?M=;HH?L#,3 
;H>;M?=IH>M=;HCMJ?L@ILG?> 1BCMJLI=?MMCMJ?L@ILG?>CH;M?LC?MI@
JIMCNCIHM;FIHANB?M=;HH?LJLCG;LS;RCM 1B?L?MOFNMQLCNN?HCHNB?&HP?IHFIA@CF?
;L?L?ACMN?L?> 1B?FCMNGI>?@CF?I<N;CH?>CMJLI=?MM?>QCNB* -"-1;H>NB? )
=IOHNJLIPC>?><SNBCMMI@NQ;L?CM;FMIL?ACMN?L?> #CH;FFS * -"-1;H>&HP?IH
)=IOHNL?MOFNM;L?=IGJ;L?> 







$!""!   "
1B??@@C=C?H=SCM>?@CH?>;MNB?
)>?N?=N?><SNB?M=;HH?L>CPC>?><SNB?

JLI>O=NI@NB?;=NCPCNSI@NB?MIOL=?NCG?MNB?<L;H=BCHAL;NCI@ILJIMCNLIH
J;LNC=F?M 1BCM=IH=?JNI@?@@C=C?H=SCMMCGCF;LNIMIG?>?@CHCNCIHMI@M?HMCNCPCNS)O
?N;F  %IQ?P?L NB?M?HMCNCPCNS=;H<?>CG?HMCIH;FIL>CG?HMCIH;F &H
IL>?LNIG?;MOL?NB??@@C=C?H=SP;LC;NCIH;FIHANB?T>CL?=NCIH NB?@IFFIQCHA
JLINI=IF <;M?>IH)O?N;F  CMOM?> 
  JICHNMIOL=?CMJF;=?>CHNB?=?HN?LI@#,3 1BCMJICHNCMNB?ILCACHI@NB?T
;RCM 
  M?=IH>M=;HCMN;E?H;NNBCMJIMCNCIH
  1B?MIOL=?CMGIP?>GG;Q;S@LIGNB?ILCACH;H>;H?QM?=IH>M=;H
CMN;E?H 
  1B?MN?JCML?J?;N?>CHNB?L;HA? NIGG;LIOH>NB?=?HN?LI@NB?#,3 
  1B?MIOL=?CMGIP?>CHMN?JMI@GGCHNB?L;HA?NIGG ;H>;
M?=IH>M=;HCMN;E?H;N?;=BJIMCNCIH 
  1B?MN?JCML?J?;N?>CHNB?L;HA? NI GG 

1B?FI=;NCIHI@NB?MIOL=?;NNB?=?HN?LI@NB?#,3CM>IH?NBLIOABNB?<?>
GINCIH=IHNLIF 1B?@IFFIQCHAJLI=?>OL?CM@IFFIQ?>
  !L;QG;LEMCH>C=;NCHANB?=?HN?LI@NB?MIOL=?;H>I@NB?MOJJILN 
  FCAHNB?M?G;LEMQCNB&HP?IHJIMCNCIHCHAF;M?L 
  BIIM?NB?IJNCIH[*IP?NINB?=?HN?LI@#,3\IHNB?NIO=BM=L??H 

1B?FI=;NCIHI@NB?MIOL=?;NNB?=?HN?LI@#,3CM=ILLI<IL;N?>PCMO;FFSQCNBNB?
L?=IHMNLO=N?>CG;A?JLIPC>?><SNB?&4 &@NB?L;>CI;=NCP?MJINI@NB?MIOL=?
=ICH=C>?MQCNBNB?=LIMMB;CLJICHN?LCHM=L??H NB?MIOL=?CM;FCAH?>;NNB?
=?HN?L #CAOL? MBIQM;H;FCAH?>MIOL=?CG;A?L?=IHMNLO=NCIH 
1B?M;G?JLI=?>OL?CML?J?;N?>@ILM=;HHCHANCG?MI@  ;H>M?=IH>M 
1B?M?M=;HM;L?J?L@ILG?>NB?M;G?>;S MINB?;=NCPCNSI@NB?MIOL=?L?G;CHM
=IHMN;HN+;>?=;SMI@CNMCHCNC;F;=NCPCNSCH >;SM 4CNBNBCMJLI=?>OL?
NB? )=IOHNJ?LM?=IH>CMG?;MOL?>;M@OH=NCIHI@JIMCNCIH 4CNBNB?MIOL=?
FI=;N?>;NNB?=?HN?LI@NB?#,3NBL??>C@@?L?HN?H?LASQCH>IQM;L?N?MN?>CH
IL>?LNI=B?=ENB?=B;HA?CHNB? )=IOHN 1B??H?LASQCH>IQMOM?>;L?Y
E?3 YE?3 ;H>YE?3 >>CNCIH;FFS NB?MN;H>;L>Y
E?3CM;FMI=B?=E?> 

 ;A5:3"-=?5/81C<1=591:?-8$1?@<

1B?=O<C=+; MIOL=? μ CMNL?HANBCMGIP?>CHMC>?NB?&HP?IH<IL?;N
NBL??>C@@?L?HNP?FI=CNC?M MG?HNCIH?><?@IL? NB?M?P?FI=CNC?M;L?;=BC?P?><S
NB?=IG<CH;NCIHI@NBL??J;L;G?N?LMM=;HHCHANCG? PIFOG?F?HANB;H>HOG<?L
I@J;MM?MNBLIOABNB?#,3 ";=BP?FI=CNSCML?J?;N?>MCRNCG?M 1B?P?FI=CNC?M
;L?HIGCH;FFS =GM  =GM;H> =GM 1B?MIOL=?CMJF;=?>;NNB?




#CAOL?  &G;A?I@NB?=O<C=MIOL=?JF;=?>;NNB?=?HN?LI@NB?#,3








=?HN?LI@NB?JB;HNIGMBIQ?>CH#CAOL? @IL?;=B?RJ?LCG?HN 1BCMJF;MNC=
JB;HNIGCMOM?>NI;PIC>;HSGIP?G?HNI@NB?MIOL=?QBCF?CNCMNL;P?LMCHACHMC>?
NB?&HP?IH 1B?@LIHN?H>I@NB?JB;HNIGCM;FCAH?>QCNBNB?F;M?L;H>CNCM
G;LE?>;MNB?MN;LNCHAJICHN@IL;=IHNCHOIOMM=;H 1B?JB;HNIG;H>NB?MIOL=?
;L?HINGIP?>;@N?L?;=BNL;P?LM?.

 %;018-:0$59@8-?5;:$1?@<
"
1B?GI>?F>?P?FIJ?><S)???N;F)???N;F CMOM?>NIMCGOF;N?NB?L?;F
&HP?IHCHNBCMQILE 1B?GI>?FCM<;M?>CH; SFCH>LC=;F-"1MSMN?G &H$1";
MSMN?GCM;N?GJF;N?I@JL?>?@CH?>A?IG?NLSNB;N?GOF;N?M;M=;HH?L ;H>CNCM
L?KOCL?>NIJLI>O=?;H>MNIL?NB?BCNCH@ILG;NCIHNB;NQCFFA?H?L;N?NB?MCHAF?M
;H>NB?=ICH=C>?H=?MI@NB?MCGOF;NCIH $1" SFCH>LC=;F-"1MSMN?GCMG?;HNNI
MCGOF;N?GIMN;HCG;F-"1M=;HH?LM 1B?MSMN?GCM=IHN;CH?>CHNB?QILF> 
QBC=BCMNB?$1"N?LG@ILNB??HNCL?MCGOF;N?>>IG;CH 1L;HMJILNMCGOF;NCIH
N?LGCH;N?M;NNB??H>I@NB?QILF> 1B?QILF>CH)??]MGI>?FCM;=O<?I@=G
F?HANB 1B? SFCH>LC=;F-"1MSMN?GCM=IGJLCM?>I@BC?L;L=BC=F?P?FM


 (;=80/D85:0=5/-8"%CM>?@CH?>;M;=SFCH>?LCHMC>?NB?QILF>QCNBHIH
T?LICHH?LL;>COM &HNB?GI>?FI@NB?&HP?IH NBCMF?P?FL?JL?M?HNMNB?CHH?L
MJ;=?;NQBC=BNB?>?N?=NILMQCFF<?JF;=?> 1B?=SFCH>?LCHH?LL;>COMCM 
GG;H>NB?ION?LL;>COMCM GG 
 =>1/?;=/?JL?M?HNMNB?<FI=EI@>?N?=NILMCHNB?L;>C;F>CL?=NCIH QBC=BCH
NB?&HP?IHMOGOJNI &H)??]MGI>?FNB?LM?=NIL=ILL?MJIH>MNINB?
MNLO=NOL?=;FF?>%?;> QBC=BCM;<IRI@× × GG 
 ;0@81/?JL?M?HNMNB?<FI=EI@>?N?=NILMCHNB?;RC;F>CL?=NCIH 1B?L?;L?
<FI=EMCHNBCM>CL?=NCIHCHNB?&HP?IH 1B?>CG?HMCIHMCHNB?GI>?F;L?
××GG 
! $@.9;0@81+INJL?M?HNCH)??]MGI>?F 
" =D>?-84BC=BL?JL?M?HNMNB?MJ;=?;NQBC=BNB?)0,>?N?=NILQCFF<?
JF;=?> &NGOMN<?CHMC>?NB?GI>OF? &H)??]MGI>?F =LSMN;FCM;<IRI@
 × GG=;FF?> LSMN;F 1BCMMNLO=NOL?CML?J?;N?>NCG?MJ?L
GI>OF? 
# -D1=1BCMF?P?FCMNB?)0,>?N?=NIL &H)??]MGI>?FNBCMCM;MKO;L?I@
 × GG=;FF?>)0, 1BCMMNLO=NOL?CML?J?;N?>NCG?MJ?LGI>OF? 

&H$1"IHFSNB??F?G?HNM;NN;=B?>NINB?M?HMCNCP?>?N?=NIL;L?;<F?NIMNIL?
BCNM %CNML?JL?M?HNNB??H?LAS>?JIMCN?>CHNBCM?F?G?HN $1"B;MNQIM?HMCNCP?
>?N?=NILM;NN;=B LSMN;F0!;H>;NN;=B-B;HNIG0! 1B?@CLMNMNIL?MNB?
CH@ILG;NCIHI@NB?CHN?L;=NCIHMI==OLLCHACHNB?=LSMN;F>?N?=NILM ;H>NB?M?=IH>
MNIL?MNB?CH@ILG;NCIH@ILCHN?L;=NCIHMMIG?QB?L??FM?CHMC>?NB?=SFCH>LC=;F-"1





MSMN?G &H)??]MGI>?FNB?)0,?F?G?HNM;L?;NN;=B?>NINB?>?N?=NIL
;NN;=B LSMN;F0! 

,NB?L?F?G?HNMNB;N;@@?=NNB?M=;NN?L@L;=NCIHI@JBINIHM;L?JL?M?HNCH)??]M
GI>?F 1B?<;=E?H>;H>@LIHN?H>1OHAMN?HMBC?F>CHACMJL?M?HNCHNB?GI>?F 
1B?FCABNAOC>?MNB;N=IOJF?NB?=LSMN;FMNINB?-0-*1M;L?GI>?F?> 1B?<;=E
=IGJ;LNG?HNMNB;N=IHN;CHNB?>?N?=NILM;H>?F?=NLIHC=M;L?;FMIGI>?F?> &H
1;<F? NB?A?H?L;F>CG?HMCIHMI@NB?M??F?G?HNM;L?FCMN?> #CAOL? MBIQM
;HCG;A?I@NB?$1"&HP?IHGI>?F>?P?FIJ?><S)?? QCNBNB?MOJJILN;H>
MIOL=?OM?>CHNB?M??RJ?LCG?HNM;>>?> 

)??]MGI>?FCM>CMNLC<ON?>NBLIOABNB?CHN?LH?N@L??FS &N=IHMCMNMI@<;MC=G;=LI
@CF?MCHP?IH!CACNCT?LMCGJF? G;= QBC=BB;MNB?M?NNCHAM@ILNB??F?=NLIHC==B;CH
MCGOF;NCIHCHP?IH-"1 G;=NB;N>?M=LC<?MNB?&HP?IHA?IG?NLS;H>>?@CH?MNB?
;=KOCMCNCIHM?NNCHAM ;H>JBSMC=M G;= QBC=B;=NCP;N?MNB?JBSMC=;FJLI=?MMOM?>
NIMCGOF;N?NB?CHN?L;=NCIHI@NB?L;>CI;=NCP?J;LNC=F?M 1B?L?;L?INB?LG;=LI@CF?M
>?M=LC<CHAM?P?L;FINB?LJB;HNIGM;H>MIOL=?MOM?>CHNB?G?>C=;FCG;ACHA
@C?F> <ONNB;N;L?HINOM?>CHNBCMQILE 

+IG;DIL=B;HA?CM>IH?NINB?GI>?F BIQ?P?L NB?=IH@CAOL;NCIHI@NB?G;=LI
@CF?MCM=B;HA?>CHIL>?LNI@;=CFCN;N?NB?>?<OAACHA;H>NB?=L?;NCIHI@M?P?L;F
MIOL=?M #CAOL? MBIQMNB?=IH@CAOL;NCIHI@NB?G;=LI@CF?MOM?>CHNBCMQILE 
";=B<FI=EL?JL?M?HNM;G;=LI@CF? 

LC?@>?M=LCJNCIHMI@NB?@CF?MCHNB?$1"GI>?F@IFFIQ 
; *;MN?L&MNB?@CF?NB;N?R?=ON?M;FFNB?INB?LG;=LIM &N>?@CH?MNB?NSJ?I@
IONJONNI<?OM?> ;H>NB?MN;LNCHA;H>@CHCMBCHA;=KOCMCNCIHNCG?M 
< $?IG?NLS&N>?@CH?MNB?&HP?IHA?IG?NLS 
= 3IFOG?CHMC>?NB?>?N?=NIL&NL?@?LMNINB?JBSMC=;F?F?G?HNNB;NCMCHMC>?NB?
&HP?IH]M#,3 &HNB?=;M?I@NB?&HP?IH?P;FO;NCIH NBCMPIFOG?=ILL?MJIH>M
NI;L?JL?M?HN;NCIHI@NB?MOJJILNJB;HNIG>?JC=N?>CH#CAOL?  &HINB?L
?RJ?LCG?HNMCN=;H<?;=SFCH>?LI@Q;N?LIL;CLNB;NQCFF=IHN;CHNB?GIPCHA
J;LNC=F?M 
> L?;NCIHI@J;LNC=F?M&N>?@CH?MNB?A?IG?NLSI@NB?PIFOG?MNB;NQCFF=IHN;CH
NB?MIOL=?MCHNB??RJ?LCG?HNM 
? -;LNC=F?3?FI=CNC?M&N>?@CH?MNB?P?FI=CNC?M ILNB?NSJ?I@GIP?G?HNNB;NNB?
J;LNC=F?MQCFFB;P? &@NB?NSJ?I@GIP?G?HNOM?>CMA?H?L;F NB?HNBCM@CF?QCFF
=;FFNB?JF;=?G?HN@CF?M QBC=BB;P?NB?JIMCNCIHI@NB?J;LNC=F?M;M;@OH=NCIH
I@NCG? 
@ -;LNC=F?CHCNC;FJIMCNCIH&NMN;N?MNB?CHCNC;FJIMCNCIHI@NB?J;LNC=F?NB;NQCFF<?
GIP?>>OLCHANB?MCGOF;NCIH 
A -BSMC=M&N>?@CH?MNB?JBSMC=;FJLI=?MMNB;NQCFFMCGOF;N?NB?L;>CI;=NCP?
J;LNC=F?CHN?L;=NCIHQCNBG;NN?L !?N;CFI@NBCM@CF?CMCHNB?H?RNM?=NCIH 





1;<F?  !CG?HMCIHMI@;>>CNCIH;F?F?G?HNMCH&HP?IH*I>?F)???N;F 




8191:?
1OHAMN?HMBC?F>

$4-<1
SFCH>?L

)CABNAOC>?

IR

;=E=IGJ;LNG?HN

IR

591:>5;:>
/G;RGG
/GCHGG
%?CABNGG
5)?HABNGG
6)?HANBGG
7)?HANBGG
5)?HANBGG
6)?HANB GG
7)?HANB GG






#CAOL?  3CMO;FCT;NCIHI@&HP?IHGI>?FCH$1")???N;F 
















#CAOL?  0=?B?G;NC=L?JL?M?HN;NCIHI@NB?CHJON@CF?ILA;HCT;NCIH@IL$1"MCGOF;NCIH








B !CACNCT?L&NB;MNB?M?NNCHAMNIMCGOF;N?NB??F?=NLIHC==B;CHI@NB?&HP?IH 1B?
G;CH@?;NOL?M;L?FCMN?>CH1;<F? 
C 0IOL=?M>?@CHCNCIH&N>?@CH?MNB?G;CH=B;L;=N?LCMNC=MI@NB?MIOL=? FCE?
CMINIJ? ;=NCPCNS B;F@ FC@? JIMCNLIH?H?LAS ?N= *IL?>?N;CFMIHNBCM@CF?;L?CH
NB?H?RNM?=NCIH 
D 0IOL=?JF;=?G?HN&NCH>C=;N?MNB?FI=;NCIHI@NB?MIOL=?L?F;NCP?NINB?
PIFOG?NI<?GIP?> 
E 0IOL=?;NN;=BG?HN&N;NN;=B?MNB?MIOL=?MNINB?PIFOG? 
!    ! 
1B?>?@CHCNCIHI@NB?MIOL=?B;MNB?@IFFIQCHA?F?G?HNMNSJ?I@MIOL=? ?H?LAS;N
QBC=BNB??GCMMCIHM;L?L?F?;M?> NB?;=NCPCNSI@NB?MIOL=?;H>NB?B;F@ FC@?I@
NB?CMINIJ? NB?;HAF?I@?GCMMCIH ;H>A?IG?NLC=MB;J? 

1B?NSJ?I@NB?MIOL=?>?@CH?MNB?Q;SCHQBC=BNB?CMINIJ?CMGI>?F?> 4B?H
NB?MIOL=?CM>?@CH?>;M;HCIHMIOL=? $1"OM?MNB?$"+1>;N;<;M?NI
>LCP?NB?>?=;S;H>J;LNC=F??GCMMCIH 1B?MIOL=?=;H;FMI<?>?@CH?>;MA;GG;
MIOL=??GCNNCHANQI<;=ENI<;=EJBINIHMCH;FF>CL?=NCIHM &HNBCM=;M?CNCMHIN
CGJILN;HNQBC=BCMINIJ?CM<?CHAOM?>;H>NB?OM?LMJ?=C@C?MNB;NNB?A;GG;M
?GCNN?>;L?GIHI?H?LA?NC=QCNB;H?H?LAS?KO;FNIE?3 HINB?LMIOL=?
>?@CHCNCIHIJNCIH;FFIQM>?@CHCHAI@NB?J;LNC=F?NB;NCM<?CHA?GCNN?>JIMCNLIHIL
?F?=NLIH;H>;MMI=C;N?>?H?LAS #CH;FFS $1"I@@?LMNB?>?@CHCNCIHI@NB?MIOL=?
<SOMCHAB?FJ?LE?SQIL>MNB;NCH=FO>?MM?P?L;F@?;NOL?MI@NB??GCNN?L 

1B??H?LAS;NQBC=BNB??GCMMCIHM;L?L?F?;M?>CH>C=;N?MNB?ECH?NC=?H?LASI@
NB?MO<;NIGC=J;LNC=F?ML?F?;M?>@LIGNB?CMINIJ?HO=F?OM 4B?HNB?MIOL=?
>?@CHCNCIHCM>IH?NBLIOABNB?B?FJ?LE?SQIL>M NBCM@?;NOL?CM?H;<F?> &H;FFNB?
INB?L=;M?M NB?>CMNLC<ONCIHI@NB??GCMMCIHMB;MNI<?MJ?=C@C?> 1BCM
MJ?=C@C=;NCIH=;H<?>IH?<SOMCHAIH?I@NB?<OCFN CH?H?LAS>CMNLC<ONCIHM
;P;CF;<F?CH$1" &HNBCML?M?;L=BNB?GIHI ?H?LA?NC=*IHI;H>NB?OM?L
>?@CH?>BCMNIAL;G2M?L0J?=NLOG;L?OM?> 

1B?;=NCPCNSI@NB?MIOL=?CMNB?HOG<?LI@>?=;SMJ?LOHCNI@NCG?I@NB?
L;>CI;=NCP?MIOL=? &N=;H<??RJL?MM?>CH?=KO?L?FIL OLC? ;H>CNB;MNI<?
MJ?=C@C?>@IL;FFNB?MIOL=?>?@CHCNCIHNSJ?M 1B?B;F@ FC@?CH>C=;N?MNB?NCG?;N
QBC=BNB?;=NCPCNSI@NB?M;GJF?>?=;SMNIB;F@CNMCHCNC;FP;FO? &NB;MNI<?
MJ?=C@C?>IHFS@ILNB?CIHMIOL=?>?@CHCNCIH 

1B?;HAF?I@?GCMMCIHCH>C=;N?MNB?>CL?=NCIH;NQBC=BNB?MO<;NIGC=J;LNC=F?MIL
JBINIHM;L??GCNN?> 1QI;HAF?M>?@CH?NBCM>CL?=NCIH 1B?N; QBC=BCH>C=;N?MNB?
;HAF?M;FIHANB?T;RCM ;H>JBCQBC=BCH>C=;N?MNB?;HAF?M;FIHANB?NL;P?LM?
>CL?=NCIH56JF;H? #IL;HCMINLIJC=MIOL=? NB?N;B;MNI<?>?@CH?><?NQ??HV
NIV;H>JBCB;MNI<?>?@CH?><?NQ??HVNIV 






1;<F?  -;L;G?N?LMOM?>CHNB?$1">CACNCT?LI@NB?&HP?IH

"-=-91?1=
FOLLCHA
"H?LASI@L?@?L?H=?
"H?LASNBL?MBIF>?L
"H?LASOJBIF>?L
!?;>NCG?
1SJ?I@>?;>NCG?
ICH=C>?H=?QCH>IQ








'-8@1
 
E?3
E?3
E?3
JM
J;L;FST;<F?
 HM



1B?MIOL=?=;H<?MB;J?>;MJICHN MOL@;=? PIFOG?IL<?;G 4B?HNB?MIOL=?
CM>?@CH?>;MJICHN CNCM>CG?HMCIHF?MM;H>CNB;MNI<?JF;=?>CH;MCHAF?JICHN
CHMC>?NB?$1"=IIL>CH;N?MSMN?G &@NB?MIOL=?CM;MOL@;=?IL;PIFOG? CN=;H
<?>?@CH?>;MMJB?L? ?FFCJMIC> =SFCH>?LILJ;L;FF?F?JCJ?> &HNBCM=;M?NB?
A?IG?NLC==?HN?LI@NB?MB;J?B;MNI<?JF;=?>CH;MCHAF?JICHNCHMC>?$1"
=IIL>CH;N?MSMN?G <?;GMIOL=?B;M;$;OMMC;HMB;J? 1B?=?HNLIC>I@NB?
$;OMMC;HB;MNI<?JF;=?>CHMCHAF?JICHNCHMC>?NB?$1"=IIL>CH;N?MSMN?G 

#IOLMIOL=?>?@CHCNCIHM;L?CHP?MNCA;N?>CHNBCML?M?;L=BNIMCGOF;N?;+;
MIOL=?
 -;LNC=F??GCMMCIH <;=ENI<;=E?GCMMCIH
 ;=ENI<;=E?GCMMCIH
 -;LNC=F??GCMMCIH
 &MINIJ?!?=;S

JICHNMIOL=?CM=IHMC>?L?>CH;FF@IOL>?@CHCNCIHM &NCM;MMOG?>NB;NNB?MIOL=?
?GCNMCMINLIJC=;FFS 1B?;=NCPCNSI@NB?MIOL=?OM?>CM μ C@ILNB?MN;NC=
J;LNC=F?M;H> μ C@ILGIPCHAJ;LNC=F?M 1B?M?P;FO?MB;P?NI<?=ILL?=N?>
QCNBNB?<L;H=BCHAL;NCII@+;  QBC=BCMM?N?KO;FNI  >>CNCIH;FFS NB?M?
;=NCPCNC?M=ILL?MJIH>NINB?;=NO;FMIOL=?;=NCPCNS=ILL?=N?>QCNBNCG? 

1B?J?L@ILG;H=?I@NB?MIOL=?CHNB?MCGOF;NCIHCM;@@?=N?><SNB?JBSMC=MM?NOJ 
1B?GIMNCGJILN;HN@;=NILNI<?=IHMC>?L?>CMNB?JBSMC=MFCMNNI<?OM?>>OLCHA
NB?MCGOF;NCIH 1B?JBSMC=MFCMNCM;=IFF?=NCIHI@GI>?FMNB;NL?JLI>O=?NB?
CHN?L;=NCIHI@L;>CI;=NCP?J;LNC=F?MQCNBG;NN?L $?;HNI@@?LM;L?=IGG?H>;NCIH
I@JBSMC=MFCMNNI<?OM?> 1QIJBSMC=MFCMNM;L?=IHMC>?L?>@ILNB?MIOL=?
>?@CHCNCIH
 .$0-:"/1:"*31BCMFCMNM=;FFMB;>LIHC=GI>?FM;H>B;>LIHC==LIMM
M?=NCIHMNIMCGOF;N?NB?J;LNC=F?CHN?L;=NCIH 1BCMFCMNCML?=IGG?H>?>@IL
G?>C=;F;JJFC=;NCIHM 
 "GMN;H>;L>:IJN1BCMFCMNCML?KOCL?>NIMCGOF;N?>?=;SCHACMINIJ?M 

>>CNCIH;FJBSMC=;FJLI=?MM?MCHNB?MCGOF;NCIH;L?;=NCP;N?>CH)??]MGI>?F
 -BINI?F?=NLC=
 IGJNIH
 /;F?CAB0=;NN?LCHA
! "F?=NLIH&IHCM;NCIH
" L?GMMNL;BFOHA
# -IMCNLIH;HHCBCF;NCIH
$ 0CHAF?M=;NN?LCHA@IL?F?=NLIHM;H>JIMCNLIHM
% /;>CI;=NCP?>?=;S IHFS@ILNB?MIOL=?M






H?R;GJF?I@NB?G;=@CF?OM?>CHNB?>?@CHCNCIHI@NB?MIOL=?CMCHNB?JJ?H>CR
 
"$!""! 
1B??RJ?LCG?HN;FM?NOJOM?>NI?P;FO;N?NB??@@C=C?H=SI@NB?;=NO;F&HP?IHCM
GI>?F?>CH$1" M?GC=SFCH>?LI@ GGL;>COML?JL?M?HNMNB?MOJJILN
JB;HNIGOM?>NIB;H>F?NB?MIOL=?M -F;MNC=CMNB?G;N?LC;FM?F?=N?>@LIGNB?
>;N;<;M?OM?>CHNBCMM?GC=SFCH>?L 1B?H ;JF;MNC==O<?I@ GGMC>?CM
A?H?L;N?> JICHNMIOL=?CHMC>?NB?=O<?CM>?@CH?> 1BCMMIOL=?CM+; I@
μ CNB;N?GCNMJIMCNLIHM 1BCMA?IG?NLC=MSMN?GCMNB?L?JL?M?HN;NCIHI@=O<C=
MIOL=?J;=E;A?;H>NB?MOJJILNJB;HNIGOM?>CHNB?;=NO;F?RJ?LCG?HNM 

1B?M;G?FI=;NCIHMOM?>CHNB??RJ?LCG?HN;FM?NOJ;L?JL?M=LC<?>CH$1" 1B?
MIOL=?CMJF;=?>;NNB?=?HN?LI@NB?#,3;H>NB?HGIP?MGGCHNB?L;HA? NI
GG;LIOH>NB?=?HN?LI@NB?#,3 *IP?G?HNCH=L?G?HNM;L?GGIONMC>?NB?
=?HN?LL?ACIH N?;=BFI=;NCIH;M?=IH>M=;HCMMJ?=C@C?> 1B?NCG?MFC=?
OM?>CH$1"MCGOF;NCIHCMGM &H>?J?H>?HNMCGOF;NCIHM;L?J?L@ILG?>@IL
?;=BFI=;NCIHI@NB?MIOL=? 

"RJ?LCG?HN;F;H>MCGOF;N?>>;N;;L?JLI=?MM?>QCNB* -"-1 1B?ALC>MCT?
OM?>CMGG #IOLNCG?MN?JM;L?OM?>     ;H> M?=IH>MCHIL>?LNI
?P;FO;N?NB?MN;H>;L>>?PC;NCIHI@NB?L?=IHMNLO=N?>FI=;NCIH 1B?<IR=;LMCT?
OM?>CMNB?>?@;OFNP;FO?I@ALC>?F?G?HNM 1B?#-&G?NBI>I@C>?HNC@C=;NCIHCM
OM?> 

#IL$1"MCGOF;NCIH ;!?FFQILEMN;NCIHQCNB=IL?MCMOM?> 1BCM=IGJON?L
LOHMIH22+12  ;H>$"+1  CMJL?CHMN;FF?>;ML?KOCMCN?@IL
LOHHCHA$1"  $1"]MCHMN;FF;NCIHB;M,J?H$)@ILPCMO;FCT;NCIH 1B?
CHMN;FF;NCIHM?NNCHAM;FMIB;P??H;<F?>NB?MJFCN@?;NOL?MCHIL>?LNIOM?NB?@OFF
=IL?MI@NB?4ILE0N;NCIH 1B?DI<MJFCNNCHACM>IH?NBLIOABNB?=I>?ADMCH=FO>?>
CH$1">IQHFI;> 1B?GOFNC JLI=?MMCMG;H;A?>NBLIOAB%1  IH>IL 
# ! " 
1B?A?IG?NLC=MSMN?GJL?PCIOMFS>?@CH?>CMOM?>CHNB?GIPCHAJ;LNC=F?MCGOF;N?>
?RJ?LCG?HNM 1B?MSMN?G=IHMCMNMI@;=O<?I@ GGMC>?=?HN?L?>CH;M?GC
=SFCH>?LI@ GGL;>COM 1B?P?FI=CNSI@NB?MIOL=?MCM>?@CH?><SNB?L?MOFNM
I<N;CH?>@LIG* -"-1OMCHA?RJ?LCG?HN;F>;N; 1B?CHCNC;FJIMCNCIHM;L?
>?N?LGCH?><SIP?LF;JJCHANB?MCGOF;N?>L?MOFNM;H>?RJ?LCG?HN;FL?MOFNM 1BCM
JLI=?>OL?CM>IH?@ILNBL??HIGCH;FP?FI=CNC?M;H>L?J?;N?>MCRNCG?M 1;<F? 
MJ?=C@C?MNB?P;FO?MJL?M=LC<?>CHNB?MCGOF;NCIH 








1;<F?  -L?M=LC<?>CHCNC;FJIMCNCIH;H>P?FI=CNSOM?>CH$1"MCGOF;NCIHM

;95:-8
A18;/5?D

"=1>/=5.10
5:5?5-8<;>5?5;:
5:%
 GG
 GG
 GG

 =GM
 =GM
 =GM








"=1>/=5.10
A18;/5?D5:
%
 =GM
 =GM
 =GM



"%#!&#
#$&%$ $&$$! 
 A-8@-?5;:;2?41:A1;:
 !     "
#CAOL? MBIQMNB?L?F;NCIHMBCJ<?NQ??H&HP?IHL?=IL>?>;H>* -"-1
L?=IL>?> )=IOHN;H>NB?FI=;NCIHI@NB?J;LNC=F?;FIHANB?T>CL?=NCIH !;N;;L?
I<N;CH?><SJF;=CHANB?MIOL=?;H>N;ECHA;M?=IH>M=;H;N?;=BFI=;NCIH 
1B?ALC>OM?>CH* -"-1CMGG;H>NCG?MN?JCMGM 1B??LLILCM>?@CH?>
;M

$(#':=?9>= D $(#'637578
%%$% F
E

$(#':=?9>=

CLCountinveonCMNB?MOGI@BCMNIAL;GG?>;H>OHBCMNIAL;GG?> )=IOHN
L?ACMN?L?><SNB?MI@NQ;L?CHNB?&HP?IHCG;A?B?;>?L@CF? ;H>CLCountM-PEPTCM
NB?NIN;F )=IOHNL?=IL>?><SNB?* -"-1=I>? H?R;GJF?I@NB?@CF?
JLI>O=?>CHNB?&HP?IHCMJL?M?HN?>CHJJ?H>CR 

1B?G;RCGOG?LLILL?ACMN?L?>CM ;NNB??>A?MI@NB?#,3 1B?P?LS@CLMN
;H>NB?P?LSF;MNILMI );>>L?MM?ML?=IL>?>CH;FCMNGI>?@CF?;L?HIN
=IHMC>?L?><S* -"-1 =;OMCHANBCMMG;FF>CM=L?J;H=SCHNB?L?=IL>?>=IOHNM 
1B? )=IOHNHIN=IHMC>?L?><S* -"-1CMF?MMNB;H@IL;HSJIMCNCIH <ONNB?
NIN;F )L?=IL>?>;L?F?MMH?;LNB??>A?MI@NB?#,3=;OMCHANB?J?L=?HN?LLIL
NI<?F;LA?LH?;LNB??H>MI@NB?#,3 

$!"  "
#CAOL? MBIQMNB?L?MOFNM@ILNB? )=IOHNL;N?@IL>C@@?L?HNJL?M=LC<?>M=;H
NCG?M #CAOL? MBIQMNB??@@C=C?H=S;M;@OH=NCIHI@JIMCNCIH;FIHANB?T
>CL?=NCIH 1B??H?LASQCH>IQOM?>CM  M?RJ?=N?> NB? )=IOHNL;N?
>I?MHIN=B;HA?QCNBNB?M=;HNCG?>?@CH?>CHNB?&HP?IH %IQ?P?L NB?&HP?IH
>I?MHINH?=?MM;LCFSJ?L@ILGNB?M=;HCHNB?JL?M=LC<?>NCG? 1B?&HP?IHM=;HM
@ILGIL?NCG?NB;HCMM?NOJCHNB?$2& 1B?;=NO;FNCG?OM?>CHNB?M=;HCM
L?ACMN?L?>CHNB?FIA@CF?A?H?L;N?>;@N?LBCMNIAL;GGCHA 1BCM?@@?=NCMGIL?
=IGGIHIHMG;FFM=;HNCG?M 

1B?G;RCGOG?@@C=C?H=SI@NB?&HP?IH@IL; E?3?H?LASQCH>IQCM
 ;NNB?=?HN?LI@NB?#,3 1B??@@C=C?H=S>?=L?;M?M;NNB??>A?M 1BCM
P;FO?CMI@NB?M;G?IL>?L;MINB?LP;FO?ML?JILN?>;I?N;F  1B?
&HP?IH?@@C=C?H=S;NNB?=?HN?LI@NB?#,3@IL;NIE?3?H?LASQCH>IQCM
  "@@C=C?H=C?M;NINB?L?H?LASQCH>IQM@ILNB?&HP?IHMNO>C?>CHNBCM





0.016
0.014

error in CL count [%]

0.012
0.01
0.008
0.006
0.004
0.002
0
-60

-40

-20

0

20

position in z [mm]



40

60



#CAOL?   IGJ;LCMIH<?NQ??H )=IOHNCHCHP?IHFIA@CF?;H>* -"-1]M )=IOHN










10000

60s scan
30s scan
10s scan

9000

CL count rate [CL/s]

8000
7000
6000
5000
4000
3000
2000
1000
0

10

20

30

40

50

60



position [mm]

 )=IOHN;N>C@@?L?HNNCG?QCH>IQM

5.5
5

efficiency [%]

4.5
4
3.5
3
2.5
2
1.5
1
-60

-40

-20

0

20

40

position [mm]

60



 )=IOHN;N>C@@?L?HNFI=;NCIHMCHMC>?NB?#,3
#CAOL?   )=IOHN;N>C@@?L?HNNCG?QCH>IQM;H>;N>C@@?L?HNFI=;NCIHMCHMC>?NB?#,3











>CMM?LN;NCIH;L?FCMN?>CH1;<F?  MIH?IJ?HMNB??H?LASQCH>IQQCNB=?HN?L
M?NNIE?3 NB??@@C=C?H=S;FMICH=L?;M?M %IQ?P?L NB?JLI<;<CFCNSI@M=;NN?L
>?N?=NCIH;FMICH=L?;M?M >>CNCIH;FFS ;HCH=L?;M?CHNB??H?LASQCH>IQ
@;=CFCN;N?MNB?>?N?=NCIHI@<;=EALIOH> 1BCMF;MN@;=NILCMP?LSCGJILN;HNCHNB?
&HP?IH MCH=?CNB;M)OCHNB?>?N?=NILNB;N>?=;SMH;NOL;FFS NE?3
GIMNI@NB?=ICH=C>?H=?MJLI>O=?><S)O>?=;S;L?L?GIP?>*=&HNIMB?N;F 
 


 A-8@-?5;:;2%>59@8-?10:A1;:
! 
&H B;JN?L$1"GI>?FMNI>?@CH?NB?MIOL=?Q?L?CHNLI>O=?> 1B?MJ?=C@C=
OM?I@NB?M?GI>?FMCMHIN>??JFS>?M=LC<?>CHNB?FCN?L;NOL?;P;CF;<F? ;H>NLC;F
;H>?LLILCMH?=?MM;LSNI@CH>NB?<?MNQ;SNIGI>?FNB?MIOL=?CH$1" 

1B?@CLMNGI>?FOM?>CM;=IG<CH;NCIHI@<;=ENI<;=EA;GG;?GCMMCIH
JFOMJIMCNLIH>?=;S "P?HNBIOABNB?MCGOF;N?> )=IOHNCMNBL??NCG?M;M<CA;M
NB??RJ?LCG?HN;F=IOHN MIG?L?MOFNMI<N;CH?>QCNBNBCMGI>?FQ?L?JO<FCMB?>
4CAACHM?N;F  QCNB=F?;LHIN;NCIHI@NB?;LNC@;=NJL?PCIOMFSG?HNCIH?>;H>
L?MOFNMQ?L?HILG;FCT?><S )OM?>J?L>?N?=NCIH 

1B?@CLMN;NN?GJNNI=ILL?=NNBCM>CM=L?J;H=SCMNIGOFNCJFSNB?;=NCPCNSI@NB?MIOL=?
JL?M=LC<?>CH$1"NCG?M;M=;F?LNB;NSC?F>M )=IOHNMCGCF;LNINB?
?RJ?LCG?HN;F=IOHN &HIL>?LNII<N;CHNBCMM=;F?L NB??RJ?LCG?HN;F )=IOHN;N
?;=BFI=;NCIHCM>CPC>?><SNB?MCGOF;N?> )=IOHN 1B?H;H;P?L;ACHAI@NB?M?
L?MOFNMCHNB?L?ACIH NIGGCMJ?L@ILG?> 1B?P;FO?I<N;CH?>QCNBNBCM
JLI=?>OL?CM  #CAOL? MBIQMNB?L?MOFNM;=BC?P?>QCNBNBCMM=;F?LCH
=IGJ;LCMIHQCNBNB??RJ?LCG?HN;FL?MOFNM 1B?=ILL?=NCIHOH>?L?MNCG;N?>NB? )
=IOHN;NNB?=?HN?LI@NB?#,3;H>IP?L?MNCG;N?>NB?=IOHN;NNB??>A?M 1B?
?LLILI<N;CH?>QCNBNBCM=ILL?=NCIHCMF?MMNB;HCHNB?L;HA? NIGG 

!?N;CF?>=IGJ;LCMIHI@NB?L?MOFNM;NNB? )>?N?=NCIHF?P?FQ;M=IH>O=N?>NI
OH>?LMN;H>>C@@?L?H=?M #CAOL? MBIQMNB?MCGOF;N?> )PCMO;FCT;NCIHPM
?RJ?LCG?HN;F )PCMO;FCT;NCIH 1B?MCGOF;N?>>;N; CHL?> =ILL?MJIH>NINB?
>?@CHCNCIH JIMCNLIH?GCMMCIH 1B?>;N;CH<FO?;L?NB??RJ?LCG?HN;F )
>?N?=N?><SNB?&HP?IH -FINM=ILL?MJIH>NINB?#,3;MPC?Q?>@LIGNB?
?HNL;H=?I@NB?<IL? 0CH=?NB?J;LNC=F?CMFI=;N?>;NNB?=?HN?LI@NB?#,3 NB?
)MMBIOF><?>L;QH@LIGNB?=?HN?LNINB??>A?MI@NB?<IL?  )MNB;N>IHIN
@IFFIQNBCMJ;NN?LHGOMN=ILL?MJIH>NIM=;NN?L;H>@;FM? )M #CAOL? MBIQM
GIL?M=;NN?L?> )CHNB?MCGOF;NCIHNB;HCHNB??RJ?LCG?HN;FL?MOFNM INB>;N;
M?NM=ILL?MJIH>NI;M?=IH>M=;HI@;J;LNC=F?FI=;N?>;NNB?=?HN?LI@NB?
#,3 







1;<F?  "@@C=C?H=SI@NB?&HP?IH;M@OH=NCIHI@NB??H?LASQCH>IQ

:1=3D(5:0;B 225/51:/D+,
Y
 
Y
 
Y
 
Y
 











#CAOL?   )=IOHN=IGJ;LCMIH<?NQ??HMCGOF;N?>;H>?RJ?LCG?HN;FM?NOJM 1B?MIOL=?
>?@CHNCIHOM?>CM<;=ENI<;=EA;GG;?GCMCIHJFOMJIMCNLIH?GCMCIH 












100

position in y [mm]

50

0

-50

-100
-100

-50

0

50

100



position in x [mm]

 )L?JL?M?HN;NCIH@IL;MCGOF;N?>MIOL=?;NNB?=?HN?LI@NB?#,3

100

position in y [mm]

50

0

-50

-100
-100

-50

0

position in x [mm]

50

100



 )L?JL?M?HN;NCIH@IL;L?;FMIOL=?;NNB?=?HN?LI@NB?#,3
#CAOL?   IGJ;LCMIHCH )L?JL?M?HN;NCIH@IL;MCGOF;N?>;H>?RJ?LCG?HN;FJICHNMIOL=?;N
=?HN?L#,3 ;=ENI<;=EA;GG;?GCMCIHJFOMJIMCNLIH?GCMCIHMIOL=?>?@CHNCIH 











1B?M=;F?L=ILL?=NMNB?MCGOF;N?> )=IOHN <ONCN>I?MHIN=B;HA?NB?L;N?I@
M=;NN?L?> )=L?;NCIH 1BCM=L?;N?M;MCNO;NCIHMCGCF;LNINB;NI@;BCAB
<;=EALIOH>?HPCLIHG?HNQCNBM=;NN?L?>FCH?M?P?HFS>CMNLC<ON?>CHMC>?NB?#,3 
1B??@@?=NI@NBCM@?;NOL?=;H<?M??HCH#CAOL?  #CAOL? MBIQMNB?
?RJ?LCG?HN;F;H>MCGOF;N?>>CMNLC<ONCIHI@>?N?=NCIHMCN?M;FIHANB?T>CL?=NCIH@IL
;J;LNC=F?FI=;N?>;NNB?=?HN?LI@NB?#,3 #ILNBCM=;M?<INBJLI@CF?M;L?MCGCF;L 
%IQ?P?L CH#CAOL? NB?>?N?=NCIHJIMCNCIHM;L?JFINN?>@IL;JICHNMIOL=?
FI=;N?>;NT?KO;FGG &HNB?=;M?QB?L?NB?JICHNMIOL=?CMFI=;N?>;NT?KO;F
GGNB?>?N?=NCIHFI=;NCIHJLI@CF?M;L?>C@@?L?HN 1B??RJ?LCG?HN;F>CMNLC<ONCIH
CMFI=;N?>H?;L?LNINB?J;LNC=F?JF;=?>;NTGG 1BCM>CM=L?J;H=SF?;>NINB?
CHP?MNCA;NCIHI@INB?LQ;SMNI>?@CH?NB?MIOL=? 

@N?L=;L?@OFL?PC?QI@NB?$1"G;HO;F MCRGI>?FMI@MIOL=?>?@CHCNCIH;L?
C>?HNC@C?> 1;<F? MBIQMNB?MCGOF;N?> )=IOHNA?H?L;N?>@IL?;=BI@NB?MCR
GI>?FM 1B?<?MNL?MOFNM;L?;=BC?P?>QB?HNB?.$0-:"/1:"*3JBSMC=MFCMN
CMOM?> 0CH=?NB??RJ?LCG?HN;F )=IOHNCM;<ION NB?GI>?FNB;N<?MN
;JJLI;=B?MNBCML?MOFNCMNB?-IMCNLIH-;LNC=F? .$0-:"/1:"*3 

&HIL>?LNI?P;FO;N?NB?;GIOHNI@M=;NN?L?> )JL?M?HN?>CH?;=BGI>?F NB?
>CMN;H=?I@?;=B )NINB?=?HN?LI@NB?#,3QB?L?NB?MIOL=?CMFI=;N?>CM
=;F=OF;N?>;H>NB?L?MOFNM;L?JFINN?> &H;FFNB?MCGOF;NCIHMNB?J;LNC=F?CMFI=;N?>
;NNB?=?HN?LI@NB?#,3 MINB?JFINM;L?;FMINB?>CMN;H=?I@NB? )NINB?
=?HN?LI@NB?JICHNMIOL=? #CAOL? MBIQMNB? )>CMNLC<ONCIHL?F;NCP?NINB?
=?HN?LI@NB?J;LNC=F?@ILNB?GI>?F;H>-IMCNLIH-;LNC=F? 
.$0-:"/1:"*3 

1B??RJ?LCG?HN;F>CMNLC<ONCIHMBIQMNB;N;<IONI@NB? )J;MMQCNBCH;
MJB?L?I@GGL;>COM;LIOH>NB?=?HN?L #ILNB?GI>?F NBCM@L;=NCIHCM
BCAB?LNB;H &HNB?GI>?FNB?NIN;F=IOHNCM;FMIBCAB?LNB;HNB?
?RJ?LCG?HN;F=IOHN 1B?JIMCNLIHGI>?F QBC=BB;M; )=IOHNMCGCF;LNINB?
?RJ?LCG?HN;F JL?M?HNM;@L;=NCIHI@F?MMNB;H 1BCMG?;HMNB;N;<ION
I@NB?J;LNC=F?M;L?M=;NN?L?>FCH?MILNB?JIMCNLIHL;HA?CMOHOMO;FFSF;LA? 1BCM
L?MOFNBIQ?P?L CM<?NN?L@IL* -"-1JOLJIM?M MCH=?CNACP?MNB?=I>?;
=IHM?LP;NCP?HOG<?LI@ )NI>?N?=N;H>FI=;N?NB?J;LNC=F?M 1BCMG?;HMNB;NC@;
J;LNC=F?CMFI=;N?>CHNB?MCGOF;NCIH CNQCFF<?FI=;N?>GIL??;MCFSCHNB?
?RJ?LCG?HN &NCMCGJILN;HNNIL?=;FFNB;N* -"-1OM?MIHFSNB? )NB;NJ;MM
CHMC>?;L?ACIH;LIOH>NB?=?HN?LI@NB?J;LNC=F? 1BCML?ACIHCM>?@CH?><SNB?
<IR=;L ;H>NSJC=;FFS?R=??>MNB?JIMCNLIHL;HA? MIGIMNI@NB?NLO? )MBIOF>
<?=;JNOL?>CHNBCM=O<? 4?HIN?;FMINB;NNB?MG;FF<IL?I@NB?&HP?IHFCGCNM
NB?CGJ;=NI@A;GG;HIH=IFFCH?;LCNSIH>?N?=NCIHFI=;NCIH MO=BNB;NNB?JIMCNLIH
L;HA?CMNB?JLCG;LS=IHNLC<ONILNIOH=?LN;CHNSCHNLO? )FI=;NCIHM;MMOGCHA
J?L@?=N>?N?=NCIH 

=IGJF?G?HNNINBCM;H;FSMCM=;H<?M??HCH#CAOL? QBC=BMBIQMNB?





3

10

4

simulated
experimental

2.5

CL count

2
1.5
1
0.5
0
-60

-40

-20

0

20

40

60



position [mm]

 )>?N?=NCIHMCN?>CMNLC<ONCIH@IL;J;LNC=F?;NNB?=?HN?LI@NB?#,3

2

104
simulated
experimental

CL count

1.5

1

0.5

0
-60

-40

-20

0

20

position [mm]

40

60



 )>?N?=NCIHMCN?>CMNLC<ONCIH@IL;J;LNC=F?;NGG;Q;S@LIGNB?=?HN?LI@NB?#,3
#CAOL?   )>?N?=NCIHMCN?M>CMNLC<ONCIH;FIHANB?T>CL?=NCIH@IL?RJ?LCG?HN;F;H>MCGOF;N?>
J;LNC=F?FI=;N?>;NNB?=?HN?LI@NB?#,3;H>;NGG;Q;S@LIGNB?=?HN?LCHNB?T>CL?=NCIH 












1;<F?   )=IOHN@ILNB?MCRGI>?FMI@MIOL=?>?@CHCNCIH

$;@=/1125:5?5;: "4D>5/>85>?&>10
;=;=E
-IMCNLIHJ;LNC=F?
&MINIJ?!?=;S
;=;=E
-IMCNLIHJ;LNC=F?
&MINIJ?!?=;S



?GMN;H>;L>:IJN
?GMN;H>;L>:IJN
?GMN;H>;L>:IJN
.$0-:"/1:"*3
.$0-:"/1:"*3
.$0-:"/1:"*3





$59@8-?5;:
C<1=591:?-8
/;@:? 
/;@:? 
>1/;:0>
>1/;:0>






+ILOH



1

fraction of CL count

0.8

0.6

0.4

0.2

0



0

20

40

60

80

100

distance of the CL to the center of the FOV[mm]

"RJ?LCG?HN;F )>CMN;H=?>CMNLC<ONCIH 
1IN;F )=IOHN



;=ENI;=E )>CMN;H=?>CMNLC<ONCIH1IN;F
)=IOHN


-IMCNLIH?GCMMCIH )>CMN;H=?>CMNLC<ONCIH 1IN;F )=IOHN
#CAOL?   IGJ;LCMIHI@NB? )>CMN;H=?>CMNLC<ONCIH L?F;NCP?NINB?=?HN?LI@NB?J;LNC=F? @ILNB?
NBL??GI>?FI@MIOL=?>?@CHNCHCIHCH$1" 














 )L?JL?M?HN;NCIH@ILNB?;=NO;FM=;HH?L 1B?M?=NCIHJFINN?>AI?M@LIGNIGGCHT
>CL?=NCIH


 )L?JL?M?HN;NCIH@ILNB?MCGOF;N?>M=;HH?L 1B?M?=NCIHJFINN?>AI?M@LIGNIGGCH
T>CL?=NCIH
#CAOL?   IGJ;LCMIHI@?RJ?LCG?HN;F;H>MCGOF;N?> )CHNB?L?ACIHNIGGCHNB?T
>CL?=NCIH










?RJ?LCG?HN;F;H>MCGOF;N?> )L?JL?M?HN;NCIHCHNB?L?ACIH@ILNIGGCH
NB?T>CL?=NCIH  );L?OM?>CHNB?JFIN 1B? )LCHANB;N=;H<?M??HCH
<INBJFINMCM;PCMO;FCT;NCIHI@NB?MIFC>;HAF?I@NB?>?N?=NIL &HNBCML?A;L> NB?
)FCH?MJL?M?HNCHNB?=?HN?L ;MQ?FF;MNBIM?NB;N>IHINB;P?;L;>C;F
>CL?=NCIH ;L?M=;NN?L?> ) 1B?MCGOF;N?>JFIN>CMJF;SMGIL?M=;NN?L?> )NB;H
NB??RJ?LCG?HN;FL?MOFN QBC=BCM=IHMCMN?HNQCNBNB?L?MOFNMM??H<?@IL? 

"P?HNBIOABNB?JIMCNLIH?GCMMCIHMIOL=?B;MNB?JLI<F?GI@NB?JL?M?H=?I@
GIL? )NB;HNB??RJ?LCG?HN NB?>CMNLC<ONCIHI@ )NBLIOABNB?<IL?CMCGJLIP?>
QCNBNBCMMIOL=?>?@CHCNCIH #CAOL? MBIQMNB?JLI@CF?M;L?=IHMCMN?HN;NNB?
=?HN?L ;MQ?FF;M;NTGG 1B?JFINNB;N=ILL?MJIH>MNITGGMNCFF
JL?M?HNMGIL?M=;NN?L?> )CHNB?MCGOF;NCIH 

@N?LNBCM=IGJ;LCMIHJLI=?MM NB?MIOL=?GI>?FM?F?=N?>CMJIMCNLIH?GCMMCIH 
.$0-:"/1:"*3 

H;>>CNCIH;F>C@@?L?H=?QCNB$1"MCGOF;NCIHFC?MCHNB??H>JICHNFI=;NCIHM
;FIHANB?=LSMN;F>?N?=NILM  )?H>FI=;NCIH;L?CH@CHCN? N;E?HQB?L?NB?A;GG;
CHN?L;=N?>CHNB?>?N?=NIL@ILNB?$1"GI>?FOM?>CHNBCMMNO>S #IL
?RJ?LCG?HN;FL?MOFNM NB? )?H>CMFCGCN?>NI >CM=L?N?=LSMN;FFI=;NCIHM
1B?HOG<?LI@;P;CF;<F?),/@ILNB?L?;F&HP?IHCM;LIOH>GCFFCIH #CAOL? 
CFFOMNL;N?MNBCM@?;NOL? &HNB??RJ?LCG?HN;FL?MOFN NB? )@ILG;A?IG?NLC=;F
J;NN?LH 1BCMA?IG?NLC=;FJ;NN?LHCMNB?L?JL?M?HN;NCIHI@NB?FCGCN?>),/JL?M?HN
CHNB?&HP?IH;H>NB?L?AOF;LLIQMI@=LSMN;FM;LIOH>NB?#,3 1B?FI=;NCIHI@
NB??H>JICHNI@; )CMACP?HCHN?LGMI@NB?=?HNLIC>I@NB?=LSMN;F;NQBC=BNB?
CHN?L;=NCIHCM>?N?=N?> 1B?MCGOF;N?>L?MOFNM>IHINMBIQNBCMJ;NN?LH<?=;OM?
NB??H>JICHNFI=;NCIHI@NB? )CMACP?HCHN?LGMI@=IIL>CH;N?MR;H>SQB?L?
NB?>?N?=NCIHNIIEJF;=? 

1B?L??RCMNM;HIJNCIHCH$1"NI?GOF;N?OM?I@H?;L?MN=LSMN;F;>>L?MM <ON
)??]MGI>?F>I?MHINCH=ILJIL;N?NBCM@?;NOL? 1B?IJ?L;NCIHI@NBCM@?;NOL?CH
$1"G;S<?J;LNI@@ONOL?QILE

MG?HNCIH?><?@IL? * -"-1>I?MHINOM?NB?NIN;F )=IOHNNI>?N?=NNB?
J;LNC=F? &HMN?;>CNOM?MIHFSNB?FCH?MNB;NJ;MMCHMC>?;L?ACIH;LIOH>NB?
JIMMC<F?J;LNC=F?FI=;NCIH 1BCML?ACIHCM>?@CH?><SNB?<IR=;L QBC=B?MN;<FCMB?M
;=O<?I@MC>??KO;FNIQ <FI=EM;LIOH>NB?=?HNLIC>I@NB?MIOL=? #ILNB?
JL?M?HNMNO>S NB?ALC>MCT?CMGG MI;<IR=;LQCNBQQCFF<?;=O<?I@
  GG 1B?MCT?I@NBCM<IR=;L>?N?LGCH?MNB?HOG<?LI@ )OM?>@IL
>?N?=NCIH

#IOL;>>CNCIH;FGI>?FMI@MIOL=?>?@CHCNCIH;L?N?MN?>CH$1" +IH?I@NB?
L?MOFNMMBIQ;HCGJLIP?G?HNIP?LNB?MIOL=?>?@CHCNCIH;FL?;>SNLC?> *;CHFS NB?
N?MNM;L?J?L@ILG?>NI<?NN?LOH>?LMN;H>$1"@?;NOL?M 






!CMNLC<ONCIHI@ )=IOHNCHNB?T>CL?=NCIH@IL;J;LNC=F?FI=;N?>;NTGGMM=;H 
E?3


!CMNLC<ONCIHI@ )=IOHNCHNB?T>CL?=NCIH@IL;J;LNC=F?FI=;N?>;NTGGMM=;H 
E?3
#CAOL?  !?N?=NCIMCN?M>CMNLC<ONCIH;FIHAT@IL;J;LNC=F?FI=;N?>;NNB?=?HN?LI@NB?#,3;H>
GG;Q;SCHNB?T>CL?=NCIH 











5
4

position in y [mm]

3
2
1
0
-1
-2
-3
-4
-5
-5

-4

-3

-2

-1

0

1

2

3

4

5



position in x [mm]

 )L?JL?M?HN;NCIHI@NB?;=NO;FM=;HH?L;NNB?=?HN?LI@NB?#,3

5
4

position in y [mm]

3
2
1
0
-1
-2
-3
-4
-5
-5

-4

-3

-2

-1

0

1

position in x [mm]

2

3

4

5



 )L?JL?M?HN;NCIHI@NB?MCGOF;N?>M=;HH?L;NNB?=?HN?LI@NB?#,3
#CAOL?   IGJ;LCMIHI@NB?"RJ?LCG?HN;F;H>MCGOF;N?> )L?JL?M?HN;NCIHCHMC>?;<IRI@
55GG;LIOH>NB?=?HN?LI@NB?#,3 












 ";>5?=;:195>>5;:B5?4;@?"4D>5/>5>? 1B?=BIIMCHAI@;JBSMC=MFCMNCM
L?=IGG?H>?>CHNB?$1"G;HO;F %IQ?P?L NB?ILCACH;F&HP?IHGI>?F>I?M
HINB;P?;JBSMC=MFCMNCH=ILJIL;N?> ,H?MCGOF;NCIHQCNBHIJBSMC=MFCMNCM
J?L@ILG?>;H>NB?NIN;F )=IOHNI<N;CH?>CM QBC=BCM;MCGCF;LL?MOFN
NINB?GI>?FM?F?=N?> ;H>=FIM?NINB?M=;HH?L=IOHNI@ 1B?
>CMNLC<ONCIHI@NB? )>I?MHINMBIQ;HSCGJLIP?G?HN 
 ";>5?=;:95>>5;:B5?4;@?"4D>5/>5>?B5?4#5:35221=1:/1 $1"
I@@?LM;=IGG;H>FCH?NI>?@CH?NB?G;RCGOG;==?JN;H=?;HAF? NBCMCMNB?
/CHA!C@@?L?H=?=IGG;H>FCH? MCGOF;NCIHQCNB;LCHA>C@@?L?H=?I@ MCGCF;L
NINB;N>?@CH?>CHNB?;=NO;F&HP?IH CMJ?L@ILG?> 1B?NIN;F )=IOHNI<N;CH?>
CM QBC=BCMF?MMNB;HNB??RJ?LCG?HN;FL?MOFNI@ 
 -/7?;-/7"4;?;:95>>5;:B5?4;@?"4D>5/>5>?;=#5:35221=1:/1 
1B?NIN;F )=IOHNI<N;CH?>CM 
! -/7?;-/7"4;?;:95>>5;:B5?4"4D>5/>5>?-:0#5:35221=1:/1 
1B?NIN;F )=IOHNI<N;CH?>CM QBC=BCM=FIM?NINB??RJ?LCG?HN;F
L?MOFNI@ %IQ?P?L GIL?NB;HI@NB?M? );L?QCNBCH;MJB?L?
I@GGL;>COM;LIOH>NB?=?HN?LI@NB?J;LNC=F? 1BCMG?;HMNB;NNB? )
=IOHNOM?>@IL>?N?=NCIH@ILNBCMMCGOF;NCIHGI>?FCMF;LA?LNB;HNB? )=IOHN
@IOH>CH?RJ?LCG?HN 

#CH;FFS NB?MSMN?GCMGI>?F?>QCNBIONNB?MOJJILNJB;HNIGNIPCMO;FCT?NB??@@?=N
I@JIMCNLIHNL;HMJILNCH>C@@?L?HNG?>C; &HNBCMMCGOF;NCIH NB?JIMCNLIH?GCMMCIH 
.$0-:"/1:"*3GI>?FCMOM?> FFNB?INB?LJ;L;G?N?LMCH$1";L?NB?
M;G? 1B?L?MOFNMMBIQ; )=IOHNOM?>@IL>?N?=NCIH?KO;FNI ;H>;
NIN;F )=IOHN?KO;FNI 

#CAOL? MBIQMNB? )L?JL?M?HN;NCIH;H>NB? )>CMN;H=?>CMNLC<ONCIH
I<N;CH?>@ILNB?MCGOF;NCIHQCNBIONNB?MOJJILN 1B?L?;L?G;HSF?MMM=;NN?L?>
);H><INBJFINML?M?G<F?<?NN?LNB??RJ?LCG?HN;FL?MOFNM BIQ?P?LNB? )
=IOHNCM@;LF;LA?L@ILNB?MCGOF;NCIH FMI NB? )>CMN;H=?>CMNLC<ONCIHCMMCGCF;L
NINB??RJ?LCG?HN;FIH?QCNBNB?@L;=NCIHI@ )=FIM?NINB?JICHNMIOL=?H?;L
 

1B?MCGOF;NCIHQCNBIONNB?MOJJILNJB;HNIG>I?MHINB;P?M=;NN?LCHAG?>COGMI
GIMNI@NB? )B;P?L;>C;FILC?HN;NCIH %IQ?P?L NB??RJ?LCG?HN;FL?MOFNMMBIQ
NB?M;G?<?B;PCIL<ONQCNBNB?JB;HNIG 1B?&HP?IHG;SB;P?;G?=B;HCMGI@
@CFN?LCHANB?M=;NN?L?>@L;=NCIH IL$1"G;SB;P?;>?@C=C?H=SCHMCGOF;NCHANB?
M=;NN?LCHACHMIG?G;N?LC;FM 

,H?F;MN=IH=?LHCMBIQNB?NCG?MFC=?JL?M=LC<?>CHNB?$1"MCGOF;NCIH;@@?=NM
NB?L?MOFNM M>?N;CF?>CH B;JN?LM;H> $1">I?MHINMCGOF;N?;
=IHNCHOIOMJLI=?MM <ONCHMN?;>A?H?L;N?M;M?LC?MI@MN;NC=MCGOF;NCIHMNB;N
L?M?G<F?GINCIH #ILNBCML?;MIH >C@@?L?HNNCG?MFC=?M;L?JL?M=LC<?>CHNB?





100

position in y [mm]

50

0

-50

-100
-100

-50

0

50

100



position in x [mm]

0CGOF;N?> )I@;J;LNC=F?QCNBIONNB?MOJJILNJB;HNIG;NNB?=?HN?LI@NB?#,3

1

fraction of CL count

0.8

0.6

0.4

0.2

0
0

20

40

60

80

100

distance of the CL to the center of the FOV[mm]



0CGOF;N?> )>CMN;H=?>CMNLC<ONCIHI@;J;LNC=F?QCNBIONNB?MOJJILNJB;HNIG;NNB?=?HN?LI@
NB?#,3
#CAOL?   )JFIN;H> )>CMN;H=?>CMNLC<ONCIH@IL;JICHNMIOL=?GI>?F?>QCNBNB?JIMCNLIH
?GCMCIHGI>?F<ONQCNBIONNB?JL?M?H=?I@NB?JB;HNIGMOJJILN











$1"MCGOF;NCIHNIN?MNCGJ;=NI@M?F?=N?>P;FO?MIH;M?=IH>M=;H
MCGOF;NCIH 1;<F? MBIQMNB?L?MOFNMI<N;CH?> #ILNCG?MFC=?MF?MMNB;H
GM NB?NCG?MFC=?JL?M=LC<?>CHNB?MCGOF;NCIH>I?MHINMCAHC@C=;HNFS=B;HA?NB?
)=IOHNL?MOFN HINB?L=LCN?LCIH@ILNCG?MFC=?M?F?=NCIHCML;N?I@GINCIH ;H>
NB?;MMI=C;N?>=B;HA?CHA?IG?NLSQCNB?;=BNCG?MN?J 1B?P?FI=CNS =GM
GIP?MNB?MIOL=? GGCHIH?GMNCG?MFC=? 1BCMCMF?MMNB;HB;F@NB?
JICHNMIOL=?L;>COM;H>CMMG;FF?HIOABNIMCGOF;N?H?;L=IHNCHOIOMMCGOF;NCIH
L?MOFNM %IQ?P?L ;FFNB?MCGOF;NCIHMOM?;NCG?MFC=?I@GM 1BCMP;FO?CM
MG;FF?LNB;HNCG?MN?JOM?>CHNB?* -"-1 1BCM;MMOL?MNB?* -"-1NCG?MFC=?
CMM;GJFCHA>;N;@IL;GIPCHAMIOL=?>OLCHANB?NL;D?=NILSL?=IHMNLO=NCIH 
"$!"
1B??H?LASQCH>IQOM?>@IL>?N?=NCIHCHNB?;=NO;F;H>MCGOF;N?>&HP?IHCM
=B;HA?> 1B?JICHNE?3 QBC=BCMNB?GC>>F?I@NB?QCH>IQ CM@CR?> 
4CH>IQMI@ E?3  E?3  E?3;H> E?3;L?OM?> 
1B?P;LC;NCIHCH )=IOHNL;N?;M@OH=NCIHI@NBCMQCH>IQCMMBIQHCH#CAOL?  
#ILNB?F;MNNBL??=;M?M NB?MCGOF;N?>=IOHNL;N?CMMG;FF?LNB;HNB?
?RJ?LCG?HN;F=IOHNL;N? 1B??LLIL;NNB?MG;FF?MN?H?LASQCH>IQCMF?MMNB;H
 NB??LLIL;NNB?F;LA?MN?H?LASQCH>IQCM;<ION 1B?>C@@?L?H=?<?NQ??H
G?;MOL?>;H>MCGOF;N?> )=IOHNCH=L?;M?M;MNB??H?LASQCH>IQIJ?HM 1BCM
>C@@?L?H=?G;S<?>O?NINB?;<M?H=?CHNB?MCGOF;NCIHI@NB?A;GG;L;SM
JLI>O=?><SNB?>?=;SI@NB?)O 

1B?NIN;F?RJ?LCG?HN;F )=IOHNCM=IGJ;L?>QCNBNB?MCGOF;N?> )=IOHN;FIHA
NB?=?HN?LFCH?I@NB?#,3CH#CAOL?  1B?MCGOF;N?>L?MOFNM;L?F;LA?LNB;H
NB??RJ?LCG?HN;FIH?M 1B??RJ?LCG?HN;F?@@C=C?H=S;NNB?=?HN?LI@NB?#,3CM
 QBCF?NB?MCGOF;N?>?@@C=C?H=S;NNB?M;G?JF;=?CM NNB?=?HN?LI@NB?
#,3NB?>C@@?L?H=?CH )=IOHNCMF?MMNB;H NNB??>A?M NBCM>C@@?L?H=?CM
H?;L 

,P?L?MNCG;NCIHI@NB? )=IOHN<S$1"CM;FMIL?JILN?><SINB?LM0=BGC>NF?CH
?N;F  1B?S;LAO?NB;NNB?>C@@?L?H=?MCHL?MOFNMGCABN<?>O?NIP;LC;NCIH
CHNB??H?LASL?MIFONCIHCHMC>?;<FI=E =IOJFCHA>?@C=C?H=C?M<?NQ??HNB?
>?N?=NIL;H>NB?-*1NO<? ;H>CH=IGJF?N?A?IG?NLC=;FCH@ILG;NCIH );LA?L
L?MOFNMCHMCGOF;NCIH;L?;FMIL?JILN?><S)???N;F  <ONNB?;ONBILM>I
HINJLIPC>?CH@ILG;NCIH;<IONJIMMC<F?L?;MIH@ILNBCM>CM=L?J;H=S 


 A-8@-?5;:;2?41>?-:0-=001A5-?5;:5:=1/;:>?=@/?10
<;>5?5;:>

#CAOL? MBIQMNB?=IGJ;LCMIH<?NQ??HNB?JL?M=LC<?>JIMCNCIHCH$1";H>
NB?G?;MOL?>JIMCNCIH<S* -"-1 1B?L?MOFNM=ILL?MJIH>NINB?MCGOF;NCIHI@;
M?=IH>M=;HI@;J;LNC=F?FI=;N?>;N>C@@?L?HNJF;=?M;FIHANB?T>CL?=NCIH 1B?





1;<F?  /?MOFNMI<N;CH?>;N>C@@?L?HNNCG?MFC=?JL?M=LC<?>CH$1"MCGOF;NCIH GMNCG?MFC=?
CMOM?>@IL$1"0CGOF;NCIHMI@GIPCHAMIOL=?M 

%591
/;@:?
>85/1+9>,






 















11500
experimental
simulated

11000

CL rate [CL/s]

10500

10000

9500

9000

8500

8000
425-625 keV

400-650 keV

375-675 keV

Energy Window

350-700 keV



#CAOL?  "RJ?LCG?NHN;F;H>MCGOF;N?> )=IOHNL;N?;M@OH=NCIHI@NB??H?LASQCH>IQOM?>CH
NB?&HP?IHM?NOJ







#CAOL?  "RJ?LCG?HN;F )=IOHN=IGJ;LCMCIHNI0CGOF;N?> )=IOHN;M@OH=NCIHI@NB?;RC;F
JIMCNCIH;FIHANB?=?HN?LFCH?I@NB?#,3 YE?3JIMCNLIH?GCMMCIHMIOL=? 











 IGJ;LCMCIH<?NQ??HJL?M?=LC<?>JIMCNCIHCH$1";H>G?;MOL?>JIMCNCIHQCNB* -"-1


"LLILCHFI=;NCIHMCGOF;N?>MN;NC=J;LNC=F?;N>C@@?L?HNFI=;NCIH;FIHANB?T>CL?=NCIH
#CAOL?   IGJ;LCMIHI@NB?JL?M?=LC<?>JIMCNCIHCH$1";H>G?;MOL?>JIMCNCIH@ILNB?
MCGO;FN?>MN;NC=>;N;










NIN;F )=IOHNOM?>@IL>?N?=NCIHCM;LIOH> IL;LIOH>I@NB?NIN;F
=IOHNI@ ) #ILNB?L?=IHMNLO=NCIHNB?J;L;G?N?LMCH* -"-1;L?GG
ALC>MCT?;H>M?=IH>NCG?MN?J &HNB?#CAOL?  NB?L?>FCH?=ILL?MJIH>M
NINB?C>?;F>?N?=NCIH CHQBC=BNB?G?;MOL?>JIMCNCIHCH* -"-1CM?KO;FNINB?
JL?M=LC<?>JIMCNCIHCH$1"MCGOF;NCIH #CAOL?M ;H> MBIQNB;NNB?
FI=;NCIHCH@ILG;NCIH>?@CH?>CH$1"CMJLIJ?LFSL?NLC?P?><S* -"-1 ;H>
JLIPC>?MCH@ILG;NCIHIHNB?=IH@C>?H=?CH$1"L?MOFNM M=;H<?M??HCH
#CAOL? @IL;HSJIMCNCIH;FIHANB?T>CL?=NCIH NB??LLILCHNB?FI=;NCIHCMF?MM
NB;H GG 

1B?M?=IH>M=;HI@NB?MN;NCIH;LSMIOL=?CM>CPC>?>CHM?AG?HNMI@    
 ;H> M?=IH>M N M?=IH>MNB? )=IOHN;P;CF;<F?@IL>?N?=NCIHCM
;LIOH> QBCF?;N M?=IH>MNB? )=IOHN@IL>?N?=NCIHCM;LIOH> 
1B? )=IOHNCH@FO?H=?MNB?JL?=CMCIHI@* -"-1 #CAOL? MBIQMNB?
P;LC;NCIHCHNB?MN;H>;L>>?PC;NCIH@ILNB?;=NO;FM=;HH?L QBCF? MBIQMNB?
P;LC;NCIH@ILNB?MCGOF;N?>M=;HH?L M?RJ?=N?>NB??@@C=C?H=S>?AL;>?M;NNB?
?>A?M ;H>CN;FMI>?AL;>?MQCNBNB?>?=L?;M?I@NB?NCG?MN?J -L?=CMCIHCM
L?>O=?>QB?HNB?L?;L?F?MM );P;CF;<F? ;M?RJ?=N?> 


 %>59@8-?5;:;29;A5:3<;5:?>;@=/1
 $ " 
+;MIOL=?CHJF;MNC==O<?CMGIP?>CHMC>?NB?;=NO;F&HP?IH#,3 1B?MIOL=?
CMGIP?>;NNBL??>C@@?L?HNP?FI=CNC?M ;H>?;=BP?FI=CNSCML?J?;N?>MCRNCG?M 
1BCMGIP?G?HNCM>IH?OMCHANB?&HP?IH<?>GINCIH=IHNLIF %IQ?P?L NB?
JL?=CMCIHI@NBCMGINCIHMSMN?GCMHINEHIQH #ILNBCML?;MIH NB??RJ?LCG?HN;F
>;N;;L?OM?>NI>?@CH?NB?CHCNC;FJIMCNCIH;H>P?FI=CNSI@NB?MIOL=? #CAOL? 
MBIQMNB?IP?LF;JI@MCGOF;N?>;H>?RJ?LCG?HN;F>;N;@IL;MCHAF?L?J?NCNCIHI@
NB?NBL??P?FI=CNC?MN?MN?> ,H=?IP?LF;JI@?RJ?LCG?HN;F;H>MCGOF;N?>>;N;
FCH?MCM;=BC?P?> NB?P?FI=CNS;H>CHN?L=?JNI@NB?FCH?;=BC?PCHAIP?LF;JCM
M?F?=N?>;MNB?CHJONNINB?$1"MCGOF;NCIH 1B?$1"MCGOF;NCIHCMNB?H
L?J?;N?>@CP?;>>CNCIH;FNCG?MQCNBNB?M;G?CHJON@CF? 1BCM;JJLI;=BCM
MO<D?=NCP? ;H>;GIL?>CM=CJFCH?>G;NB?G;NC=;F;JJLI;=BNINBCM=B;FF?HA?CM
CHNLI>O=?>CHNB?H?RNM?=NCIH 

1B?J;LNC=F?CME?JNCHNB?M;G?R;H>SFI=;NCIH<SOMCHANB?JB;HNIGMOJJILN
>?JC=N?>CH#CAOL?  CHQBC=BNB?MIOL=?CMGIOHN?> 1B?&HP?IHM=;HH?L
>;N; ;H>$1"M=;HH?L>;N;;L?NL?;N?><S* -"-1QCNBGGALC>MCT?;H>
GMNCG?MN?J #CAOL? MBIQM?RJ?LCG?HN;F;H>MCGOF;N?>!L?MOFNI@NB?
JIMCNCIHL?=IHMNLO=N?>QCNB* -"-1@IL;J;LNC=F?GIPCHA;N =GM #IL$1"
MCGOF;NCIH NB?JL?M=LC<?>JIMCNCIHCHRCMGG;H>CHSCM;FMIGG 1B?
?RJ?LCG?HN;FJ;LNC=F?CM;FCAH?>NINB?=?HN?LI@NB?#,3QCNBNB?JLI=?>OL?
>?M=LC<?>CH B;JN?L 1B?JIMCNCIH>?N?=N?><S* -"-1@ILNB?MCGOF;N?>






0N;H>;L>>?PC;NCIHP;LC;NCIH;FIHANB?T>CL?=NCIHCH?RJ?LCG?HN 


0N;H>;L>>?PC;NCIHP;LC;NCIH;FIHANB?T>CL?=NCIHCHMCGOF;NCIH 
#CAOL?   IGJ;LCMIHI@NB?P;LC;NCIHI@NB?MN;H>;L>>?PC;NCIHCHNB?>?N?=NCIHI@;MN;NC=
J;LNC=F?;N>C@@?L?HNFI=;NCIHM;FIHANB?T>CL?=NCIH








140

140

experimental
simulated

120

100

z position [mm]

z position [mm]

100
80
60

80
60

40

40

20

20

0
40

experimental
simulated

120

60

80

100

120

time [s]

0
30



50

60

time [s]

0CGOF;N?>;H>?RJ?LCG?HN;FNL;D?=NILS
L?=IHMNLO=N?><S* -"-1@IL;J;LNC=F?
GIPCHA;N =GM "H?LASQCH>IQY
E?3

140

40

70

80

90



0CGOF;N?>;H>?RJ?LCG?HN;FNL;D?=NILS
L?=IHMNLO=N?><S* -"-1@IL;J;LNC=F?
GIPCHA;N =GM "H?LASQCH>IQY
E?3

experimental
simulated

120

z position [mm]

100
80
60
40
20
0
15

20

25

30

35

40

45

time [s]

0CGOF;N?>;H>?RJ?LCG?HN;FNL;D?=NILSL?=IHMNLO=N?><S* -"-1@IL;J;LNC=F?GIPCHA;N
 =GM "H?LASQCH>IQYE?3
#CAOL?  ,P?LF;JCHAI@?RJ?LCG?HN;F;H>MCGOF;N?>NL;D?=NILC?ML?=IHMNLO=N?><S* -"-1 











experimental
simulated

60

z position [mm]

40
20
0
-20
-40
-60
10

10

5

5

0

0

-5

-5

y position [mm]

-10

-10

x position [mm]


#CAOL?  ,P?LF;JCHAI@?RJ?LCG?HN;F;H>MCGOF;N?>NL;D?=NILSCH;!JFIN 1B?P?FI=CNSI@NB?
J;LNC=F?CM =GM"H?LASQCH>IQY










J;LNC=F?CMR GG S  GG 1B?JIMCNCIH>?N?=N?>@ILNB?
?RJ?LCG?HN;FJ;LNC=F?CMR GG S GG;P?L;A?>IP?LNB??HNCL?T
;RCM 

#CAOL? MBIQMIM=CFF;NCIHCHR;H>SJIMCNCIH@ILNB??RJ?LCG?HN;FJ;LNC=F? 
1BCMIM=CFF;NCIHCM>O?NINB?>CM=L?N?H;NOL?I@NB?),/;P;CF;<F?@IL>?N?=NCIHCH
NB?;=NO;F&HP?IH;MQ?FF;MNB?ALC>MCT?OM?>@IL>?N?=NCIHCH* -"-1 >??J?L
?RJF;H;NCIHI@NB?M?P;LC;NCIHMCMQLCNN?H;NNB??H>I@NBCMM?=NCIH 1BCMP;LC;NCIH
CMHINJL?M?HNCHNB?MCGOF;N?>L?MOFNM<?=;OM?NB?),/;P;CF;<F?@IL>?N?=NCIHCH
$1"MCGOF;NCIH;L?CH@CHCN? 

NNB?=?HN?LI@NB?#,3NB? )=IOHNCHGMCM@IL?RJ?LCG?HN;F;H>
@ILMCGOF;N?> NNB??>A?MNB? )=IOHNCHGMCM@IL?RJ?LCG?HN;F
;H>@ILMCGOF;N?> PCMO;F?RJF;H;NCIHI@NBCM@?;NOL?CMJL?M?HN?>CH#CAOL?
 QB?L?;=IGJ;LCMIHI@NB? )@IL;MCGOF;N?>J;LNC=F?CMMBIQH;NNQI
JF;=?MCHMC>?NB?#,3 1B?JF;=?MMBIQH=ILL?MJIH>NINB??HNL;H=?TGG
;H>NB?=?HN?LI@NB?<IL?TGG 

&H#CAOL? NB??RJ?LCG?HN;FJ;LNC=F?;NNB??HNL;H=?T?KO;F GGI@
&HP?IH<IL?CMMBIQH &N=;H<?M??HNB;NNB? )@ILGM;JF;H?MOL@;=?;LIOH>
NB?=?HN?LI@NB?J;LNC=F? 1B? )MFI=;N?>IONMC>?NBCMJF;H?;L?M=;NN?L?> )M 
1B?ILC?HN;NCIHI@NB?>?N?=NILM;FFIQMNLO?=ICH=C>?HN?P?HN>?N?=NCIHIHFSCHMC>?
NBCM@F;NMOL@;=? #CAOL? MBIQMNB??RJ?LCG?HN;FJ;LNC=F?;NNB?=?HN?LI@NB?
#,3 +IQCN=;H<?M??HNB;NNB? )?H>JIMCNCIH@ILGM;=SFCH>?L;LIOH>NB?
J;LNC=F? 1B?>?N?=NILM;L?;<F?NIL?ACMN?L?P?HNMCHNBCM<CAA?L;L?; CH=L?;MCHA
?@@C=C?H=S 

1B?M;G?IP?L;FF?@@?=N=;H<?M??HCHNB?MCGOF;N?>J;LNC=F?MBIQHCH#CAOL?
  ;NT?KO;F GG ;H>CH#CAOL? !QCNBNB?MCGOF;N?>J;LNC=F?;N#,3
=?HN?L %IQ?P?L NB? )MNB;N=ILL?MJIH>NINLO?<;=ENI<;=EA;GG;
;HHCBCF;NCIH;NNB??HNL;H=?;L?JL?M?HNCHF?MMHOG<?LNB;HCHNB??RJ?LCG?HN;F
=;M? *?;HQBCF?NB?M=;NN?L?> )=IOHN@ILNB?MCGOF;NCIHCMF;LA?LNB;HCHNB?
?RJ?LCG?HN 

#CAOL? MBIQMNB?=IGJ;LCMIHI@NB? )=IOHNOM?>NI>?N?=NNB?MCGOF;N?>
;H>?RJ?LCG?HN;FJ;LNC=F? &NB;MNI<?L?=;FF?>NB;NNB?NIN;F )=IOHNCMHINOM?>
NI>?N?=NNB?J;LNC=F?<S* -"-1 ,HFSNBIM?J;LNC=F?MCHMC>?NB?<IR=;L;L?OM?>
NIL?=IHMNLO=NNB?JIMCNCIH 1B??RJ?LCG?HN;F )=IOHN;P;CF;<F?@IL>?N?=NCIHCM
;FGIMNNQC=?NB?MCGOF;N?> );P;CF;<F?QB?HNB?MOJJILNJB;HNIGCMCH=FO>?>CH
NB?MCGOF;NCIH 

1;<F? =IGJ;L?M )=IOHNOM?>@IL>?N?=NCIH@IL;H?RJ?LCG?HN;F;H>
MCGOF;N?>GIPCHAJ;LNC=F?QCNBJB;HNIGJL?M?HN 1B?P;FO?MMBIQH;L?@ILNB?
NBL??@CLMNL?J?NCNCIHMI@NB?P?FI=CNC?MN?MN?> 







100

position in z [mm]

position in z [mm]

100
50
0
-50
-100
-100

-50
0

50

-100
-50

50
100

100

position in x [mm]

-50
0

0
50

position in y [mm]



"RJ?LCG?HN;F )M;NT?KO;FNI GG

50
100

100

position in x [mm]



"RJ?LCG?HN;F )M;NNB?=?HN?LI@NB?#,3

100

position in z [mm]

100

position in z [mm]

-50

0

position in y [mm]

50
0
-50
-100
-100

0

-100
-100

-100
-50

50

-50
0

position in y [mm]

0
50

50
100

100

position in x [mm]

0
-50
-100
-100

-100
-50

50



0CGOF;N?> );NT?KO;FNI GG

-100
-50

-50
0

position in y [mm]

0
50

50
100

100

position in x [mm]



!0CGOF;N?> );NNB?=?HN?LI@NB?#,3

#CAOL?   )!L?JL?M?HN;NCIH;NT GG;H>;NNB?=?HN?LTGGI@NB?#,3@IL;
GIPCHAJ;LNC=F? 1B?P?FI=CNSCM =GM"H?LASQCH>IQYE?3












1200
experimental
simulated

CL count used in Detection

1000

800

600

400

200

0

-60

-40

-20

0

20

40

60

z position [mm]



#CAOL?   IGJ;LCMIHI@NB? )=IOHN;P;CF;<F?@IL>?N?=NCIH@IL;J;LNC=F?GIPCHA;N =GM
"H?LASQCH>IQYE?3









1;<F?   IGJ;LCMIHI@MCGOF;N?>;H>?RJ?LCG?HN;F );P;CF;<F?@IL>?N?=NCIH 



;/-?5;:-:0A18;/5?D @>10<1=
01?1/?5;:
C<1=591:?-8
) D   /9>

) D   /9>

) D   /9> 





@>10<1=
01?1/?5;:
$59@8-?10






"!   "   !  
&HNB?JL?PCIOMM?=NCIH;H>CH#CAOL?  ;JLI=?MMNIIP?LF;JNB??RJ?LCG?HN;F
;H>MCGOF;N?>L?MOFNMCMJL?M?HN?>NI>?@CH?NB?J;LNC=F?P?FI=CNSNI<?OM?>CH
$1" 0CH=?NBCMJLI=?MMCMMO<D?=NCP? ;@ILG;FCT;NCIHI@NBCMG?NBI>CMI@@?L?>
B?L?<SI<N;CHCHAFCH?;LL?AL?MMCIHMI@NB??RJ?LCG?HN;F;H>MCGOF;N?>
NL;D?=NILC?M@IL?;=BL?J?NCNCIH 1B?;LL;SMI@NCG?G;LEMtk;H>TJIMCNCIHMzk
>?N?=N?><S* -"-1;L?@CNNI"KO;NCIH@IL?;=BI@NB?MCRJICHN MIOL=?
NL;P?LM?L?J?NCNCIHM 


,<: F ):  '<: C ,0 :  F    F   

&H"KO;NCIHviCMNB?MFIJ?I@NB?L?AL?MMCIH;H>zoiCMNB?CHN?L=?JN k
L?JL?M?HNMNB?F?HANBI@NB?;LL;SJLI>O=?><S* -"-1;H>iCMNB?HOG<?LI@
L?J?NCNCIHM 

1B?L?MOFNM@ILMFIJ?;H>CHN?L=?JNMI@NB?M?L?AL?MMCIHM;L?;P?L;A?>@IL?;=B
HIGCH;FP?FI=CNS 1B?MFIJ?I@NB?L?AL?MMCIHL?JL?M?HNMNB?P?FI=CNSI@NB?
J;LNC=F?;H>NB?CHN?L=?JNML?JL?M?HNNB?CHCNC;FJIMCNCIHI@NB?J;LNC=F? 1B?
;P?L;A?M;H>MN;H>;L>>?PC;NCIHM;L?JL?M?HN?>CH1;<F?  1B?FIQP;FO?MI@
MN;H>;L>>?PC;NCIH>?GIHMNL;N?NB?L?J?;N;<CFCNSI@NB?MCGOF;NCIH;H>NB?
?RJ?LCG?HN;FG?NBI>MOM?> 


1;<F? JL?M?HNMNB?MFIJ?;H>CHN?L=?JNMI<N;CH?>@ILNB?HIGCH;FP?FI=CNSI@
 =GM 1B?N;<F?MBIQMNB??RJ?LCG?HN;F;H>MCGOF;N?>L?MOFNM;H>CH=FO>?M
NB?AII>H?MMI@@CN ACP?H<SNB?J;L;G?N?L/ 1;<F? MBIQMNB;N@ILNBCM=;M?
NB?P?FI=CNSJL?M=LC<?>CH$1"CM =GM

1CG?G;LEM;LL;StkJLIPC>?><S* -"-1;L?JF;=?>CHNI"KO;NCIHNII<N;CH
<?MN @CN=;F=OF;N?>JIMCNCIHM 1B?M?JIMCNCIHM;L?MO<NL;=N?>@LIGNB?* -"-1
G?;MOL?>JIMCNCIHMzkCHIL>?LNII<N;CHFI=;FP;LC;NCIHM@LIGNB?FCH?;L@CN δzk,i
;==IL>CHANI?KO;NCIH

.,<: F ,!(!'<: D ,&(%<:  F    F   


!CL?=N=IGJ;LCMIHI@?RJ?LCG?HN;F;H>MCGOF;N?>>;N;CMHINJIMMC<F?<?=;OM?
<INBM?NM;L?MFCABNFS>C@@?L?HNCHNCGCHA ;H>NB?S>IHINIP?LF;J?;=BINB?L
?R;=NFS 1B?FI=;FP;LC;NCIHBIGIA?HCT?MNB?>;N;CHNCG?;H>MJ;=?;H>;FFIQM
A?H?L;NCIHI@;MN;H>;L>>?PC;NCIHCHJIMCNCIHOMCHANB?<?MN@CNFCH?;MNB?
?RJ?=N?>P;FO? #CLMN NB?FI=;FP;LC;NCIHCM>CPC>?>CHALIOJMI@MCR?F?G?HNM 
1B?H NB?MN;H>;L>>?PC;NCIH;LL;SCM=;F=OF;N?>QCNB?KO;NCIH 

/B@;: F

1

: G.,;: H

  F     F    D 








1;<F?  P?L;A?MFIJ?;H>;P?L;A?&HN?L=?JN;H>NB?CLMN;H>;L>>?PC;NCIHM@IL?RJ?LCG?HN;F
;H>MCGOF;N?>>;N;M?NMP?FI=CNS =GM R S "H?LAS4CH>IQYE?3
"=1> 1-:
'18
1C<
/9> :?1=/1<?
99σ
99
 
 
 
 
 
 
 
 
 




"=1>
%
:?1=/1<?
99σ
99
 
 
 

1-:
>59
:?1=/1<?
99σ
99
 
 
 
 
 
 






1-:
1C<
$8;<1
/9>
σ/9>
 
 
 
 
 
 

"=1>
%
$8;<1
/9>
'18
 
 
 

1-:
>59
$8;<1
/9>
σ/9>
 
 
 
 
 
 



1;<F?  "RJ?LCG?HN;F;H>MCGOF;N?>CHN?L=J?NM@IL;J;LNC=F?GIPCHA;N =GM;FIHANB?T
;RCMI@NB?>?N?=NCIH<IL? 
 C<1=591:?-8
:?1=/1<?
99
  
  
  
  
  
  

C<1=591:?-8 #
$8;<1/9>
 
 
 
 
 
 



 
 
 
 
 
 







$59@8-?10
:?1=/1<?
99
 
 
 
 
 
 



$59@8-?10
$8;<1/9>

#

 
 
 
 
 
 

 
 
 
 
 
 



#CAOL? MBIQMNB?P;LC;NCIHCHNB?MN;H>;L>>?PC;NCIH;M@OH=NCIHI@NB?;RC;F
JIMCNCIH@IL;GIPCHAJ;LNC=F? 1BCMJFINOM?MNB?<?MN @CNTJIMCNCIH;M?RJ?=N?>
P;FO?@ILNB?=;F=OF;NCIHI@NB?MN;H>;L>>?PC;NCIH !C@@?L?HNP?FI=CNC?M;H>
>C@@?L?HNFI=;NCIHMCHMC>?NB?#,3;L?JL?M?HN?>CH#CAOL?  0N;H>;L>
>?PC;NCIHI@NB??RJ?LCG?HN;F>;N;;H>NB?MCGOF;NCIH>;N;H?;LFSIP?LF;J?;=B
INB?L 1B?MN;H>;L>>?PC;NCIHCH=L?;M?M;NNB??>A?MI@NB?<IL?;H>CMMG;FF?L
NIQ;L>NB?=?HN?L 1BCM@IFFIQMNB?N?H>?H=SJL?PCIOMFS>?M=LC<?><SNB? )
=IOHN;H>NB??@@C=C?H=S >>CNCIH;FFS NB?JLI@CF?>?JC=N?><SNB?>;N;CH#CAOL?
 CM=IHMCMN?HNQCNBNB?JLI@CF?I@#CAOL? @ILMN;NC=>;N; 1B?L?MOFNM;L?
NB?M;G?@ILNB?INB?L@CP?L?J?NCNCIHM;H>=;H<?M??HCHNB?JJ?H>CR 
"!   "   !  #
$ 
1B?L??RCMNM;MJOLCIOMCH=L?G?HN;FP;LC;NCIHCHNB?L?=IHMNLO=N?>JIMCNCIHI@;
GIPCHAJ;LNC=F?QB?H?RJ?LCG?HN;F>;N;;L?OM?> 1BCM=;H<?M??HCHNB?
?RJ?LCG?HN;FNL;D?=NILSCH#CAOL?  1B?;GJFCNO>?I@NB?P;LC;NCIH@IL
MCGOF;N?>J;LNC=F?MCMF?MMNB;HIL?KO;FNI GG #ILNB??RJ?LCG?HN;FJ;LNC=F?
NB?;GJFCNO>?CMH?;L GG;H>CNI==OLMCH;FF>CL?=NCIHM ;MM??HCH#CAOL?
  0CH=?NB?;GJFCNO>?I@NB?IM=CFF;NCIHCM<CAA?LCHNB??RJ?LCG?HN;FNL;D?=NILS
NB;HCHNB?MCGOF;N?> NB?L?;MIH@ILNBCM;LNC@;=NG;S<?CHNB?Q;S&HP?IH
L?=IL>M>;N; ILCH;=IG<CH;NCIHI@>;N;;=KOCMCNCIH;H>* -"-1M?NNCHAM 

#CAOL? ;FMIMBIQMNB;N<INBJ;LNC=F?M;L?HINFI=;N?>?R;=NFS;N GG 
1B?JIMCNCIHCHR;H>S;L?FI=;FFSBIGIA?HCT?>CHIL>?LNIG;E?JIMMC<F?;
=IGJ;LCMIH<?NQ??H?RJ?LCG?HN;F;H>MCGOF;N?>M?NM@IFFIQCHANB?M;G?
JLI=?>OL?OM?>NIBIGIA?HCT?NB?>;N;CHT 1B?FI=;F;P?L;A?JIMCNCIHCMOM?>
;MNB??RJ?=N?>P;FO?@ILNB?MN;H>;L>>?PC;NCIH=;F=OF;NCIH 1;<F? MBIQMNB?
;P?L;A?FI=;NCIHCHR;H>S@ILNB?MCGOF;N?>;H>?RJ?LCG?HN;FGIPCHAJ;LNC=F?;N
>C@@?L?HNP?FI=CNC?M;H>;N>C@@?L?HNFI=;NCIHM 1B?MN;H>;L>P;LC;NCIH;GIHA
L?J?NCNCIHMCM;FMIJL?M?HN?>CHNB?N;<F? 


1B?FI=;FMN;H>;L>>?PC;NCIHCM=;F=OF;N?>OMCHAALIOJMI@MCRJIMCNCIHMJ?L
?KO;NCIH ;H>NB?L?MOFNM;L?JL?M?HN?>CH#CAOL?  J;LNC=F?GIPCHA;N
;H?==?HNLC=JIMCNCIHRGGSGG;N =GMCM;FMIJL?M?HN?>CH#CAOL?
  1B?IM=CFF;NCIHCHNB?MN;H>;L>>?PC;NCIHCMMCGCF;LCH;GJFCNO>?NINB;N@IOH>
;FIHANB?JLCG;LST;RCMI@NB?#,3 

1B?L?;MIH@ILNB?M?P;LC;NCIHMCM@OLNB?LCHP?MNCA;N?> #CAOL? =IGJ;L?MNB?
)=IOHN;M@OH=NCIHI@NCG?;H>NB?JIMCNCIHL?=IHMNLO=NCIH;M@OH=NCIHI@NCG? 
1B?;L?;G;LE?>CHJCHECM?RJ;H>?>CHIL>?LNI=B?=EC@NB?L?CM;>CL?=N
=ILL?F;NCIH<?NQ??HNB? )=IOHN;H>NB?JL?M?H=?I@NB?DOGJM #CAOL? CM
G;>?QCNBGGALC>MCT?;H>GMNCG?MN?JCH* -"-1 +IH?I@NB?
;>P;H=?>OM?L@?;NOL?M;L?=B;HA?> 

#CAOL? CMNB?G;AHC@C=;NCIHCHI@NB?L?ACIHG;LE?>CHJCHE 1B?@CAOL?MBIQM









3;LC;NCIHCHNB?MN;H>;L>>?PC;NCIH
3;LC;NCIHCHNB?MN;H>;L>>?PC;NCIH@IL;
@IL;J;LNC=F?GIPCHA;N =GM
J;LNC=F?GIPCHA;N =GMRGG 
RGG SGG "H?LASQCH>IQY
SGG "H?LASQCH>IQYE?3
E?3


3;LC;NCIHCHNB?MN;H>;L>>?PC;NCIH@IL;J;LNC=F?GIPCHA;N =GMRGG 
SGG "H?LASQCH>IQYE?3
#CAOL?  3;LC;NCIHCHNB?MN;H>;L>>?PC;NCIH;FIHANB?T>CL?=NCIHM@IL>C@@?L?HNP?FI=CNC?M 










position in y [mm]

1.5
1
0.5
0
-0.5
-1
-1.5
-1.5

-1

-0.5

0

0.5

1

1.5

position in x [mm]



#LIHN;F3C?QI@NB?#,3

position in z [mm]

60
40
20
0
-20
-40
-60
1.5

1

0.5

0

-0.5

position in x [mm]

-1

-1.5



);N?L;F3C?QI@NB?#,3
#CAOL?  #LIHN;F;H>F;N?L;FPC?QI@NB?#,3I@NB?&HP?IHQB?H;J;LNC=F?CMGIPCHA;N 
=GM










1;<F?  P?L;A?JIMCNCIH@ILNB?R;H>S;N>C@@?L?HNP?FI=CNC?M;H>>C@@?L?HNFI=;NCIHCHMC>?NB?
&HP?IH]M#,3

'18;/5?D
-:0
<;>5?5;:

 /9>
C D 
 /9>
C D 
 /9>
C 
D 


C<;>5?5;:
>?-:0-=0
01A5-?5;:
C<1=591:?
-8
 GG
 GG

C<;>5?5;:
>?-:0-=0
01A5-?5;:
$59@8-?10

 GG
 
GG
 GG  GG
 GG  
GG
 GG  
 GG GG 
GG





D<;>5?5;:
>?-:0-=0
01A5-?5;:
C<1=591:?
-8
 GG
 GG

D<;>5?5;:
>?-:0-=0
01A5-?5;:
$59@8-?10

 GG
 
GG
 GG
 GG
 GG  
GG
 GG  
 GG GG
 
GG



0N;H>;L>>?PC;NCIHCHNB?=IGJIH?HNMR;H>S@IL;J;LNC=F?GIPCHA;N =GM;FIHAT;N
RGGSGG

0N;H>;L>>?PC;NCIHCHNB?R;H>S=IGJIH?HNM@IL;J;LNC=F?GIPCHA;N =GM;FIHAT;N
RGGSGG

0N;H>;L>>?PC;NCIHCHNB?R;H>S=IGJIH?HNM@IL;J;LNC=F?GIPCHA;N =GM;FIHAT;N
RGGSGG
#CAOL?  3;LC;NCIHCH?RJ?LCG?HN;F;H>MCGOF;N?>MN;H>;L>>?PC;NCIH;FIHANB?T>CL?=NCIH@ILR
;H>SJIMCNCIHM







1.8

1100

1.6

1000
900

1.2

800

1
700
0.8
600

CL count

position detected [mm]

1.4

0.6
500
0.4
400
0.2
0
40

X: 48.1
Y: 278

50

300
60

70

80

90

100

110

time [s]
#CAOL?  3;LC;NCIH )=IOHN;M@OH=NCIHI@JIMCNCIHMOJ?LCGJIM?>IHJIMCNCIHL?=IHMNLO=NCIH
;M@OH=NCIHI@JIMCNCIH@IL;J;LNC=F?GIPCHA;N =GM





1100
1.6
1000
1.4
1.2
800
1
700
0.8
600

CL count

position detected [mm]

900

0.6
500
0.4
400
0.2
300



0
72

73

74

75

76

77

78

79

80

time [s]
#CAOL?   FIM?OJI@NB? )=IOHNPMNCG?MOJ?LCGJIM?>NIJIMCNCIHL?=IHMNLO=NCIHPMNCG?







HI>CL?=N=ILL?F;NCIHQCNBNB? )=IOHN;H>NB?JL?M?H=?I@NB?DOGJM 1B?
>?N?=NCIHMCN?>CMNLC<ONCIH;FIHANB?T>CL?=NCIHCMI<N;CH?>@ILNB?L?ACIHMG;LE?>
CHNB?JFIN 1B?S?FFIQL?ACIHJL?M?HNM;DOGJQBCF?NB?AL??HL?ACIH>I?MHIN 

&H#CAOL? NB?>?N?=NCIHMCN?>CMNLC<ONCIHI@NB?TIH?CMMOJ?LCGJIM?>IH
NB?>?N?=NCIHMCN?>CMNLC<ONCIHI@NB?TIH? 7IH?=ILL?MJIH>MNINB?NCG?
QCH>IQI@ NI M 7IH?AI?M@LIG NI M?=IH>M 1B?
MOJ?LCGJIM?>L?ACIHM>IHINMBIQ>C@@?L?H=?MCHNB?>?N?=NCIHI@JBINIH
CHN?L;=NCIH;FIHANB?T;RCMI@NB?=LSMN;F>?N?=NILM 1B?<CHM;L? GGQC>NB
<;M?>IHNB?JCN=BMCT?I@NB?)0,=LSMN;FM INB>CMNLC<ONCIHMBIQM?GJNS<CHM 
QBC=B;L??PC>?H=?I@NB?AL;HOF;LH;NOL?I@NB?;P;CF;<F?),/CHMC>?NB?
M=;HH?L &H=IHNL;MN NB?>CMNLC<ONCIH@IL$1"MCGOF;NCIHMMBIQM;FFNB?<CHM
I==OJC?>;MM??HCH#CAOL?  

1I?MN;<FCMBC@NB?L?CM;FCHE<?NQ??HNB?JL?M?H=?I@NB?IM=CFF;NCIHM;H>NB?
M?NNCHAMI@* -"-1 NB?M;G?FCMNGI>?@CF?CM@?>CHNINB?=I>?QCNB>C@@?L?HN
M?NNCHAM 1B?>;N;M?NOM?>=ILL?MJIH>MNI;J;LNC=F?GIPCHA;N =GM $LC>
MCT?MI@   ;H>GG;L?OM?> 1B?NCG?MN?JCMGM 1B?L?MOFNMI@
NBCM@CLMNN?MN@IL;J;LNC=F?GIPCHA;N =GMCMMBIQHCH#CAOL?  #CAOL?
MOAA?MNM;=ILL?F;NCIH<?NQ??HNB?ALC>MCT?;H>NB?JL?M?H=?I@NB?;LNC@;=N 
%IQ?P?L NBCM=ILL?F;NCIHCMG;CHFSJL?M?HNCHNB??RJ?LCG?HN;FL?MOFNM 
MOAA?MNCHANB?>CMNILNCIHCM;@@?=N?><SNB?H;NOL?I@NB?M=;HH?L>;N;;=KOCMCNCIH 
#CAOL? MBIQMNB?L?MOFNMI@;ALC>MCT?P;LC;NCIHMNO>SCH* -"-1I<N;CH?>
@IL;J;LNC=F?GIPCHA;N =GM #CAOL? MBIQMNB?L?MOFNMI@;ALC>MCT?
=IGJ;LCMIHCH* -"-1@IL;J;LNC=F?GIPCHA;N =GM FFN?MNMI@NB?CGJ;=N
I@ALC>MCT?M?F?=NCIHCH* -"-1CH>C=;N?;HCHN?LJF;S<?NQ??HNB?L?;FM=;HH?L
>;N;;H>ALC>MCT?M?F?=NCIH@ILALC>?F?G?HNMF?MMNB;HGG 

H;>>CNCIH;FCHN?LLIA;NCIHI@NB??RJ?LCG?HN;F>;N;CMJ?L@ILG?>CHIL>?LNI
OH>?LMN;H><?NN?LNB?P;LC;NCIHCHNB?JL?>C=N?>J;LNC=F?FI=;NCIH 1B?CH@ILG;NCIH
L?A;L>CHANB?FI=;NCIHI@NB??H>JICHNMI@ )CML?NLC?P?>CH;IH?BOH>L?>
GCFFCM?=IH>NCG?QCH>IQ 1B? );L?PCMO;FFSL?JL?M?HN?>CH;!JFIN ;H>;
=IGJ;LCMIH@L;G?<S@L;G?CMJ?L@ILG?> #CAOL? MBIQMNB?NCG?@L;G?M
@LIG NI M;H> NI M=ILL?MJIH>CHANINB?CHCNC;FFI=;NCIHI@
DOGJ =;L?@OFI<M?LP;NCIHI@NB?M?=IH>@L;G?MBIQMNB;NNB?MIOL=?CM
[<LCABN?L\CHNBCM@L;G?NB;HCHNB?JL?PCIOMIH? &HNBCM=;M?<LCABNCML?F;N?>NI
NB?JL?M?H=?I@ )M >>CNCIH;FNINBCM<LCABNH?MM NB? )MCHNB?M?=IH>@L;G?
;L?=IH=?HNL;N?>NINB?<INNIG &HNB?@CLMN@L;G? NB? )MBIQHI?RJFC=CN
ILC?HN;NCIH 1BCM=B;HA?CHNB?;JJ?;L;H=?I@ )GCABN<?L?F;N?>NINB?AL;HOF;L
H;NOL?I@;P;CF;<F?),/ "P?LSNCG?NB?MIOL=?J;MM?MNBLIOABL?ACIHMI@NB?
M=;HH?LQB?L?),/;L?[;P;CF;<F?\ CNM<LCABNH?MMCH=L?;M?M;H>NB?JIMCNCIHI@
;P;CF;<F?),/G;S<C;MNB?JL?>C=N?>FI=;NCIH 

1B?CH@ILG;NCIHA;NB?L?>CHNBCMM?=NCIHMOAA?MNNB?IM=CFF;NCIHCHNB?>?N?=NCIHCM





100

74.93 75.13 [s] window
74.73 74.93 [s] window

CL count

80

60

40

20

0

-60

-40

-20

0

20

40

60



detection site along z [mm]

"RJ?LCG?HN;F>?N?=NCIHMCN?>CMNLC<ONCIH /?ACIHM;H>I@#CAOL? ;L?MOJ?LCGJIM?>


100

CL count

80

60

40

20

0

-60

-40

-20

0

20

40

detection site along z [mm])

60



0CGOF;N?>>?N?=NCIHMCN?>CMNLC<ONCIH

#CAOL?  !?N?=NCIHMCN?>CMNLC<ONCIH@IL?RJ?LCG?HN;F;H>MCGOF;N?>L?MOFNM








0.5

standard deviation in Y [mm]

standard deviation in X [mm]



experimental
simulated

0.4
0.3
0.2
0.1
0

-50

0

50

standard deviation in Y [mm]

standard deviation in X [mm]

experimental
simulated

0.2
0.1

-50

0

50

position [mm]

standard deviation in Y [mm]

standard deviation in X [mm]

0.2
0.1

-50

0

-50

0

50

position [mm]

0

50



0.5

experimental
simulated

0.4
0.3
0.2
0.1
0

-50

0

50



!-;LNC=F?GIPCHA;N =GM $LC>MCT?
GG

0.3

0

0.1

position [mm]

experimental
simulated

0.4

0.2



-;LNC=F?GIPCHA;N =GM $LC>MCT?
GG
0.5

0.3

-;LNC=F?GIPCHA;N =GM ALC>MCT? 
GG 

0.3

0

0.4

position [mm]

-;LNC=F?GIPCHA;N =GM ALC>MCT? 
GG 

0.4

experimental
simulated



position [mm]

0.5

0.5



0.5

experimental
simulated

0.4
0.3
0.2
0.1
0

-50

0

position [mm]

"-;LNC=F?GIPCHA;N =GM $LC>0CT?
GG

50



#-;LNC=F?GIPCHA;N =GM $LC>0CT?
GG

#CAOL?  0N;H>;L>>?PC;NCIH=IGJ;LCMIH@IL>C@@?L?HNALC>MCT? -;LNC=F?GIPCHA;N =GM










0.5

standard deviation in Y [mm]

standard deviation in X [mm]



experimental
simulated

0.4
0.3
0.2
0.1
0

-50

0

50

0.2
0.1

0

50

position [mm]

standard deviation in Y [mm]

standard deviation in X [mm]

0.2
0.1

-50

0

50

position [mm]

0

50



0.5

experimental
simulated

0.4
0.3
0.2
0.1
0

-50

0

50



!-;LNC=F?GIPCHA;N =GM $LC>MCT?
GG

0.3

0

-50

position [mm]

experimental
simulated

0.4

0



-;LNC=F?GIPCHA;N =GM $LC>MCT?
GG
0.5

0.1

standard deviation in Y [mm]

standard deviation in X [mm]

experimental
simulated

-50

0.2

-;LNC=F?GIPCHA;N =GM ALC>MCT? 
GG 

0.3

0

0.3

position [mm]

-;LNC=F?GIPCHA;N =GM ALC>MCT? 
GG 

0.4

experimental
simulated

0.4



position [mm]

0.5

0.5



0.5

experimental
simulated

0.4
0.3
0.2
0.1
0

-50

0

position [mm]

"-;LNC=F?GIPCHA;N =GM $LC>0CT?
GG

50



#-;LNC=F?GIPCHA;N =GM $LC>0CT?
GG

#CAOL?  0N;H>;L>>?PC;NCIH=IGJ;LCMIH@IL>C@@?L?HNALC>MCT? -;LNC=F?GIPCHA;N =GM 








0.5

standard deviation in Y [mm]

standard deviation in X [mm]



experimental
simulated

0.4
0.3
0.2
0.1
0

-50

0

50

position [mm]

standard deviation in Y [mm]

standard deviation in X [mm]

0.2
0.1

-50

0

50

position [mm]

0.2
0.1

0

50

0

0.5

50



experimental
simulated

0.4
0.3
0.2
0.1

standard deviation in Y [mm]

standard deviation in X [mm]

0.3

position [mm]

-50

0

-50

0

50



!-;LNC=F?GIPCHA;N =GM $LC>MCT?
GG

experimental
simulated

-50

0

position [mm]

0.4

0

0.1



-;LNC=F?GIPCHA;N =GM $LC>MCT?
GG
0.5

0.2

-;LNC=F?GIPCHA;N =GM ALC>MCT? 
GG 

0.3

0

0.3

position [mm]

experimental
simulated

0.4

experimental
simulated

0.4



-;LNC=F?GIPCHA;N =GM ALC>MCT? 
GG 
0.5

0.5



0.5

experimental
simulated

0.4
0.3
0.2
0.1
0

-50

0

position [mm]

"-;LNC=F?GIPCHA;N =GM $LC>0CT?
GG

50



#-;LNC=F?GIPCHA;N =GM $LC>0CT?
GG

#CAOL?  0N;H>;L>>?PC;NCIH=IGJ;LCMIH@IL>C@@?L?HNALC>MCT? -;LNC=F?GIPCHA;N =GM 











 )L?JL?M?HN;NCIHI@;J;LNC=F?GIPCHACHMC>?NB?#,3@ILNB?NCG?CHN?LP;F@LIG MNI
 M


 )L?JL?M?HN;NCIHI@;J;LNC=F?GIPCHACHMC>?NB?#,3@ILNB?NCG?CHN?LP;F@LIG MNI
 M
#CAOL?   IGJ;LCMIH@L;G?<S@L;G?I@NB? )L?JL?M?HN;NCIHI@;J;LNC=F?GIPCHACHMC>?NB?
#,3










;=IG<CH;NCIHI@NB?>CM=L?N?H;NOL?I@NB?;P;CF;<F?),/CHNB?M=;HH?L;H>NB?
ALC>M?NNCHAMOM?>CH* -"-1 >>CNCIH;FL?M?;L=BCML?KOCL?>NI@OFFSOH>?LMN;H>
NBCM@?;NOL?;H>NICGJF?G?HN=ILL?=NCIHCHNB?* -"-1=I>? 








"%#'
! &$! $ &%&#(!#
 ;:/8@>5;:>

1BCMCMNB?@CLMNP;FC>;NCIHI@$1"@ILNB?* -"-1;JJFC=;NCIH "RJ?LCG?HN;F>;N;
I<N;CH?>@LIGNQI?RJ?LCG?HNM;L?=IGJ;L?>QCNB?KOCP;F?HN>;N;I<N;CH?>@LIG
$1"MCGOF;NCIHM 1B?=IGJ;LCMIHMBIQMNB;N$1"A?H?L;N?ML?MOFNMNB;N
L?M?G<F? <ONHIN=IGJF?N?FSCGCN;N?NB??RJ?LCG?HN;F>;N; 1B?>?@CHCNCIHI@NB?
MIOL=?OM?>CH$1"CMNB?G;CH@?;NOL?I@NB?MCGOF;NCIHNB;NQ;M;>DOMN?>CH
IL>?LNII<N;CH<?NN?L;JJLIRCG;NCIHM 

1BL??GI>?FMI@MIOL=?>?@CHCNCIH;L?N?MN?>;=ENI<;=EJBINIH;HHCBCF;NCIH 
JIMCNLIH?GCMMCIH;H>CMINIJ?>?=;S 1B?<?MNL?MOFNM;L?;=BC?P?>QCNBNB?
JIMCNLIH?GCMMCIHGI>?F ,NB?LP;LC;HNMI@NBCMGI>?F;L?;FMIN?MN?> 1B?L?MOFNM
MBIQNB;NNB?JL?M?H=?I@NB?MIOL=?BIF>?LM=;NN?LCHAG?>C;AL?;NFS=B;HA?M
NB?MCGOF;N?>L?MOFNM 4B?HHIBIF>?LCMJL?M?HN I@NB? );L?FI=;N?>
QCNBCHGG;LIOH>NB?J;LNC=F?MIOL=? QBCF?QB?HNB?BIF>?LCMJL?M?HN NBCM
@L;=NCIHCM?KO;FNI 1B?;=NO;FM=;HH?LQCNBNB?MIOL=?BIF>?LJL?M?HN
JLI>O=?MI@NB? )QCNBCH;GGL;>COMI@NB?MIOL=?QCNBNB?BIF>?L
JL?M?HN 

1B?@CLMN?RJ?LCG?HN@IL$1"P;FC>;NCIH?R;GCH?M;MCHAF?J;LNC=F?FI=;N?>;N
>C@@?L?HNJF;=?M;FIHANB?T>CL?=NCIHI@NB?>?N?=NIL<IL? 1BLIOABNBCM
?RJ?LCG?HN NB??@@C=C?H=SI@NB?&HP?IHCMCHP?MNCA;N?> ;H>L?MOFNM;L??KO;FNI
 ;NNB?=?HN?LI@NB?#,3@ILNB?YE?3?H?LASQCH>IQ 1B?M;G?
JLI=?>OL?CMMCGOF;N?>CH$1";H>NB? )=IOHN;N?;=BFI=;NCIHCM=IGJ;L?>
NINB??RJ?LCG?HN 1B?>;N;MBIQNB;N$1"IP?L?MNCG;N?MNB? )=IOHN;N?;=B
FI=;NCIH 1BCMIP?L?MNCG;NCIHCM;NNB?=?HN?LI@NB?#,3JLI>O=CHA?@@C=C?H=S
 @ILNB?MCGOF;NCIH 1B?IP?LJL?>C=NCIHCH )=IOHNCM;FGIMN;NNB?
?>A?MI@NB?#,3 

1B?M?=IH>P;FC>;NCIH?RJ?LCG?HN@IL$1"CMNIGIP?;J;LNC=F?CHMC>?NB?#,3
;N>C@@?L?HNP?FI=CNC?M "RJ?LCG?HN;F;H>MCGOF;N?>L?MOFNM;L?NL?;N?>QCNB*
-"-1 "RJ?LCG?HN;F;H>MCGOF;N?>>;N;M?NMJLI>O=?MCGCF;LMN;H>;L>>?PC;NCIH
CHJL?>C=N?>JIMCNCIHQB?HOM?>CH* -"-1 %IQ?P?L NB?MN;H>;L>>?PC;NCIH
OMCHAMCGOF;N?>>;N;CMMG;FF?LNB;HNB?MN;H>;L>>?PC;NCIHQB?H?RJ?LCG?HN;F
>;N;;L?OM?> 1BCM>C@@?L?H=?CM=;OM?><SNB?IM=CFF;NCIHCHNB?>?N?=NCIH
JL?M?HNCHNB??RJ?LCG?HN;FL?MOFNM "PC>?H=?MOAA?MNMNB;NNB?M?IM=CFF;NCIHM;L?
>O?NINB?=IG<CH;NCIHI@NB?AL;HOF;LH;NOL?I@),/;P;CF;<F?CHNB?&HP?IH;H>
NB?J;L;G?N?LMOM?>CH* -"-1 






1B?AL;HOF;LH;NOL?I@NB?),/I@NB?&HP?IHCM>O?NINB?FCGCN?>HOG<?LI@),/
;P;CF;<F?@IL>?N?=NCIH;H>NB?L?AOF;LA?IG?NLSI@;P;CF;<F?=LSMN;F;>>L?MM?M
@IL),/?H>JICHNM ),/;L?NB?;>>L?MM;<F?FCH?M;NQBC=B;<;=ENI<;=E
JBINIH;HHCBCF;NCIH=;H<?>?N?=N?> &HNB?&HP?IH NBCMHOG<?LCMFCGCN?>;H>CM
@OH=NCIHI@NB? =LSMN;FFI=;NCIHMCHMC>?NB?>?N?=NIL;H>FCGCNMIH
;==?JN;H=?;HAF? HS>?N?=NCIHCHMC>?;MJ?=C@C==LSMN;FCMJLI=?MM?>;MCN
I==OLM;NNB?=?HN?LI@NBCM=LSMN;F NBOMNB?L?;L?FI=;NCIHMCHMC>?NB?M=;HH?L
QB?L?NB?JL?M?H=?I@;HHCBCF;NCIHCMHINL?=IL>;<F? 1BCM@?;NOL?I@NB?JBSMC=;F
>?N?=NILCMHINJL?M?HNCH$1" &H$1" ;HSCHN?L;=NCIHNB;NI==OLMCHMC>?;
=LSMN;FCML?=IL>?>QCNBNB??R;=N=IIL>CH;N?M;NQBC=BNB?CHN?L;=NCIHI==OLM 
NBOMNB?),/;P;CF;<F?CH$1";L?CH@CHCN? 


 @?@=1(;=7

#OFFOH>?LMN;H>CHAI@NB?L?;MIHM@ILNB?>CMJ;LCNSCHM=;NN?L@L;=NCIH;H>NLO? )
CHNB?MCGOF;NCIHL?F;NCP?NINB?&HP?IHQCFFL?KOCL?GIL?CHP?MNCA;NCIH 1BCMQIOF>
F?;>NI;>??J?LOH>?LMN;H>CHACHNB?Q;S$1"CMGI>?FFCHANB?JIMCNLIH;H>
JBINIHNL;HMJILN ;H>G;S;FMI>CM=FIM?MIG?MJ?=C;FNL?;NG?HNMI@>;N;CHMC>?
NB?&HP?IH &HNBCMQILE;H?RCMNCHA$1"GI>?FP;FC>;N?>@IL-"1Q;MN?MN?> 
#ONOL?QILEQCFF?RN?H>NBCMGI>?F@IL* -"-1;JJFC=;NCIH 

1B?CH=FOMCIHI@NB?>CM=L?N?H;NOL?I@M=;HH?L>;N;;=KOCMCNCIHCML?KOCL?>CH
$1"CHIL>?LNIG;E?NB?MCGOF;NCIHGIL?L?JL?M?HN;NCP?I@NB?M=;HH?L 
$1"B;MNB?IJNCIHNIGCGC=NB?FCGCN?>HOG<?LI@),/JL?M?HNCHNB?;=NO;F
-"1M=;HH?LM %IQ?P?L NB?;=NCP;NCIHI@NBCMIJNCIHL?KOCL?M;H?Q=IGJCF;NCIH
I@$1" !OLCHA;NN?GJNMNICGJF?G?HNNBCM@?;NOL? MCGOF;NCIHM@;CF?>QCNBION
;HSL?MOFN >>CNCIH;F@?;NOL?MI@NB?-"1M=;HH?LG;S;FMI<?CHP?MNCA;N?> 
;GIHANB?GLCHA>C@@?L?H=?>?@CHCNCIH KO;HNOG?@@C=C?H=S =LSMN;FNI=LSMN;F
P;LC;NCIHCH<FOLLCHA;H>?@@C=C?H=S ;H>>?;>NCG? 

"RJ?LCG?HNMNIN?MNMCGOF;N?>L?MOFNM;N>C@@?L?HNMIOL=?;=NCPCNC?M;L?;FMI
L?KOCL?> 1BCMCMH?=?MM;LSNIOH>?LMN;H>C@NB?;JJLIRCG;NCIHCH$1"@IL>?;>
NCG?;H>L;H>IG=ICH=C>?H=?CM;==OL;N?QB?H;=NCPCNC?M;H>=IOHNL;N?M;L?
BCAB 








"%#$)
%! ! %#&%! %!""%'!" %
 1-?@=1";5:?01:?525/-?5;:1?4;0A-8@-?5;:

0?P?L;F;>>CNCIH;F?@@ILNMQ?L?J?L@ILG?>MOJJILNCHANB?NB?LG;F@FOC>MALIOJ
L?M?;L=BNB;N;L?L?F?P;HNNI* -"-1 <ONHIN>CL?=NFSL?F;N?>NI$1"P;FC>;NCIH
@IL* -"-1 H?@@ILNNI?P;FO;N?NB?#?;NOL?-ICHN&>?HNC@C=;NCIH*?NBI>
J?L@ILG?><S4CAACHM?N;F4CAACHM?N;F CH=FO>?>;$1"MCGOF;NCIHM?N
OJ<SNB?;ONBILI@NBCMQILE 0CGOF;NCIHMI@  ;H>J;LNC=F?M;L?
J?L@ILG?> 1B?J;LNC=F?M;L?FI=;N?>CHL;H>IGMN;NCIH;LSJIMCNCIHMCHMC>?I@;H
GG>C;G?N?L;H>GGB?CABN=SFCH>?L 1B?MCGOF;N?>J;LNC=F?M;L?+;
MIOL=?MFI=;N?>CHMC>?=O<?MI@ GGMC>? 1B?MCGOF;NCIHM;L?>IH?QCNBNB?
<;=ENI<;=EA;GG;?GCMMCIHMIOL=?>?@CHCNCIHJFOMNB?JIMCNLIH?GCMMCIH
>?@CHCNCIH 1BCMG?;HMNB;NNB?;=NO;F;=NCPCNSI@NB?MIOL=?CM NCG?MNB?
;=NCPCNSJL?M=LC<?>CHNB?MCGOF;NCIH #ILNBCML?;MIHNB?L?MOFNM;L?JL?M?HN?>CH
N?LGMI@NB?HOG<?LI@),/OM?>@ILJ;LNC=F?FI=;NCIH4CAACHM?N;F  

#-&;H>$ G?;HM* -"-1MI@NQ;L?;L?;JJFC?>NI>?N?=NNB?J;LNC=F?M 1B?
I<D?=NCP?I@NB?N?MNCMNI?P;FO;N?NB?J?L@ILG;H=?I@#-&CH=IGJ;LCMIHQCNB$
G?;HM4CAACHM?N;F  &H<INBG?NBI>M;ALC>MCT?I@ GGCMOM?> 1B?
NCG?MN?JOM?>CMGM 


 ;A191:?;2>1A1=-8<-=?5/81>5:%1:1=-8
;A191:?

1B?I<D?=NCP?I@OMCHA$1"CMNIMCGOF;N?NB?GIP?G?HNI@L;>CI;=NCP?J;LNC=F?M
CHMC>?@FOC>M &HIL>?LNI>?MCAHL?;F?RJ?LCG?HNM $1"GOMN<?;<F?NIMCGOF;N?
M?P?L;FJ;LNC=F?M;NNB?M;G?NCG? ,H?I@NB?@CLMNDI<M>IH?QCNB$1"Q;MNI
N?MNNBCM;<CFCNS #ILM?P?L;FJ;LNC=F?M NB?>?@CHCNCIHI@NB?MIOL=? ;H>NB?
;NN;=BG?HNI@NB?M?MIOL=?MNINB?CLGIPCHAPIFOG?MB;MNI<?>IH?CH;>?@CH?>
IL>?LCHMC>?NB?G;=@CF? >>CNCIH;FFS CHIL>?LNI=L?;N?M?P?L;FGIPCHAJ;LNC=F?M 
NB?GINCIHI@NB?GIPCHAPIFOG?MB;MNI<?NB?[A?H?LC=GIP?\G?NBI> 
G;NF;<M=LCJNQ;M=I>?>NIA?H?L;N?NB?G;=@CF?ML?KOCL?>NIMCGOF;N?M?P?L;F
J;LNC=F?MCH$1" 1BCM=I>?CMJL?M?HN?>CHJJ?H>CR H?R;GJF?I@;
MIOL=?>?@CHCNCIH;H>MIOL=?;NN;=BG?HN@ILGIPCHAJ;LNC=F?MCMJL?M?HN?>CH
JJ?H>CR 

#ILNB?>?@CHCNCIHI@NB?J;LNC=F?GINCIH NB?=L?;NCIHI@;JF;=?G?HN@CF?CM
L?KOCL?> H?R;GJF?I@NBCM@CF?CMJL?M?HN?>CHJJ?H>CR 1B?NBL??@CLMNFCH?M
I@NBCM@CF?>?@CH?MNB?OHCNMNI<?OM?>@ILNCG? LIN;NCIH;H>NL;HMF;NCIH 1B?H;H





;LL;SI@=IFOGHM@IFFIQM 1BCM;LL;SQCFFCH>C=;N?QB;NCMNB?JIMCNCIH;H>NB?
ILC?HN;NCIHI@NB?MIOL=?;M;@OH=NCIHI@NCG? 1B?@CLMN=IFOGHCMNCG?NB?
M?=IH>CMNB?LIN;NCIH;HAF?NB?NBCL> @IOLNB ;H>@C@NB;L?NB?LIN;NCIH;R?M 1B?
MCRNB M?P?HNB;H>?CABN=IFOGHM;L?NB?NL;HMF;NCIHCHR S;H>T =IGJ;LCMIH
<?NQ??HNB?NQI>?@CHCNCIHMI@GIP?G?HNMNL;HMF;NCIH;H>A?H?LC=GIP?CM
JL?M?HNCHJJ?H>CR 

&HNBCMN?MN NB?MCGOF;NCIHI@IH?J;LNC=F?GIPCHACHMC>?NB?#,3;N =GMCM
>IH? ,HFSNB?J;LNC=F?CMMCGOF;N?>QCNBION;HSMIOL=?MOJJILN 1B?JIMCNCIHI@
NB?MIOL=?CMQLCNN?H;M;@OH=NCIHI@NCG?CH;JF;=?G?HN@CF? 1B?>;N;@ILNB?@CF?
;L?I<N;CH?>QCNBNB??KO;NCIHM


* F 

+ F 

, F D  C   '"

#CAOL? JL?M?HNM;=IGJ;LCMIHI@ )=IOHNOM?>@IL>?N?=NCIH<?NQ??H
MCGOF;N?>;H>?RJ?LCG?HN;F>;N; M?RJ?=N?> NB? )=IOHNQCNBIONNB?MIOL=?
MOJJILNCMBCAB?LNB;HNB??RJ?LCG?HN;F )=IOHN 1BCMMCGOF;NCIHQ;M>IH?
QCNBIONNB?MOJJILNCHIL>?LNIL?JL?M?HN;H?RJ?LCG?HNM=?H;LCICHQBC=BIHFS
NB?J;LNC=F?QCFF<?JL?M?HNCHNB?G?>COG 

4CNBNBCMG?NBI>OJNIJ;LNC=F?M;L?;<F?NI<?MCGOF;N?> %IQ?P?L 
>?J?H>CHAIHNB?;=NCPCNSI@NB?MIOL=?M NB?>?;>NCG?I@NB?MCGOF;N?>M=;HH?L
MN;LNMNICGJ;=NNB?L?MOFNM ;H>CHMIG?MCGOF;NCIHM QCNBJ;LNC=F?M;Nμ C
?;=B NB?MCGOF;N?>&HP?IHQ;MHIN;<F?NI>?N?=N;HSJ;LNC=F?CHMC>?NB?<IL? 

1BCMECH>I@MCGOF;NCIHQ;MOM?>NIMCGOF;N?S?;MN=?FFM;=NCP;N?>NI
K=?FF ;M>CM=OMM?>CHNB?H?RNM?=NCIH 


 /?5A-?10*1->?$59@8-?5;:

* -"-1CMOM?>NIC>?HNC@SS?;MN=?FFM;=NCP;N?>QCNBK=?FFI@#
);HA@IL>?N;F  1IMOJJILNNBCM?@@ILN ;$1"MCGOF;NCIHI@#
J;LNC=F?MI@K=?FFCMJ?L@ILG?> 1B?J;LNC=F?M;L?JF;=?>CHMC>?;=SFCH>?LI@
Q;N?L 1B?NIN;FF?HANBI@NB?MCGOF;NCIHCMGCHON?M 1B?GIP?G?HNI@NB?
J;LNC=F?MCMMCGOF;N?>QCNBNB?[A?H?LC=GIP?\>?@CHCNCIHCH$1" 1B?JF;=?G?HN
@CF?M;L?JLIPC>?><S I>S4CAACHM;MJ;LNI@NB?QILEJ?L@ILG?>@ILNB?
L?@?L?H=?);HA@IL>?N;F  1B?M?NNCHAMOM?>CH* -"-1;L?ALC>MCT?I@
GG;H>NCG?MN?JI@GM 1B?I<D?=NCP?I@NB?MCGOF;NCIHCMNI?P;FO;N?NB?
;<CFCNSI@* -"-1NIC>?HNC@S;FFNB?NL;D?=NILC?MCHJON ILNB?JIMMC<F?C>?HNC@C=;NCIH
I@HIH ?RCMN?HNNL;D?=NILC?M I@J;LNC=F?MMCGOF;N?>;L?>?N?=N?> 1B?







2000
experimental
simulated

CL count used in Detection

1800
1600
1400
1200
1000
800
600
400
200
0

-60

-40

-20

0

z position [mm]

20

40

60



#CAOL?   IGJ;LCMIHI@NB? )=IOHN;P;CF;<F?@IL>?N?=NCIH@IL;J;LNC=F?GIPCHA;N =GM
QCNBIONNB?JB;HNIGMOJJILN "H?LASQCH>IQYE?3










>?N?=N?>J;LNC=F?MMOJ?LCGJIM?>NINB?CLJL?M=LC<?>NL;D?=NILC?M;L?MBIQHCH
#CAOL?  

"P?HNBIOAB* -"-1CM;<F?NI>?N?=NNB?J;LNC=F?M NB?L?=IHMNLO=NCIHI@NB?
NL;D?=NILC?MCMHINJ?L@?=N &HGIMN=;M?M NB?L?=IHMNLO=N?>NL;D?=NILSIHFS=IP?LM
J;LNI@NB?NIN;FF?HANB@IFFIQ?><SNB?J;LNC=F? #ILNBCML?;MIH ;=IGJ;LCMIHQCNB
;FFNB?JL?M=LC<?>NL;D?=NILC?MCMHINJIMMC<F? &HMN?;> MN;LNCHAQCNBNB?@CLMNNCG?
G;LEC>?HNC@C?>CH* -"-1 NB?JL?M=LC<?>;LL;SI@NCG?;H>JIMCNCIHM;L?
M;GJF?>?P?LSM?=IH>MOJNINB?F;MNNCG?G;LEL?ACMN?L?>CH* -"-1 &HNBCM
Q;S NB?JL?M=LC<?>;LL;SMB;P?NB?M;G?F?HANB;MNB?>?N?=N?>;LL;SM #CAOL?
 MBIQMNB?=IGJ;LCMIHI@NB?M;GJF?>JL?M=LC<?>JIMCNCIHMQCNBNB?>?N?=N?>
JIMCNCIHM<S* -"-1 #CAOL? MBIQMNB;NNB?JLI@CF?@IFFIQ?><SNB?>?N?=N?>
J;LNC=F?CMMCGCF;L <ONHIN?R;=NFSNB?M;G?;MNB?JL?M=LC<?>JLI@CF? #CAOL? 
MBIQMIH?J;LNC=F?FI=;N?>;NNB??HNL;H=?I@NB?<IL? ;H>IH?J;LNC=F?NB;N
J;MM?MNBLIOABNB?=?HN?LI@NB?#,3 1B?=IGJ;LCMIHI@NB?M?NQIJFINMMBIQM
NB;NNB?>C@@?L?H=?<?NQ??HJL?M=LC<?>;H>>?N?=N?>NL;D?=NILSCMHINL?F;N?>NI
NB?JIMCNCIHI@NB?J;LNC=F?CHMC>?NB?#,3 

#CAOL? MBIQMNB?;<MIFON?>C@@?L?H=?<?NQ??HNB?JL?M=LC<?>JIMCNCIHP;FO?M
I@$1";H>NB?>?N?=N?>P;FO?MI@* -"-1@ILNB?M;G?NQIJ;LNC=F?M
G?HNCIH?>;<IP? 1B?@CAOL?;FMIMBIQMNB?>C@@?L?H=?CHNB?NCG?G;LEMI@<INB
>;N;M?NM 1B?>;N;CH>C=;N?MNB;NNB?>C@@?L?H=?CHJIMCNCIHCMF?MMNB;HGGCH
GIMNI@NB?=;M?M %IQ?P?L NB?>C@@?L?H=?CHNCG?G;LEM=;H<?;MF;LA?;MM 
%IQ?P?L CNCMH?=?MM;LSNIL?G?G<?LNB;NNB?NIN;FF?HANBI@NB?MCGOF;NCIHCM
GCHON?M 1B? )=IOHNOM?>@IL>?N?=NCIH;FF=;M?MCMF?MMNB;H;N?;=BNCG?
MN?JI@M 1B?GI>?FI@NB?MIOL=?>?@CHCNCIHCMJIMCNLIH?GCMMCIH QCNBNB?
OM?I@NB?>?@CH?># JIMCNLIH>CMNLC<ONCIH<OCFNCH$1" 1BCMG?;HMNB;N?P?H
QCNBNBCMMG;FF;GIOHNI@;=NCPCNS * -"-1CM;<F?NIC>?HNC@S;H>L?=IHMNLO=N QCNB
AII>;JJLIRCG;NCIH NB?NL;D?=NILC?M@IFFIQ?><SNB?J;LNC=F?M 


 @:05:3

1B?-"1M=;HH?LQ;MJLI=OL?>PC;NB?2 0 !?JN I@"H?LAS+;NCIH;F+O=F?;L
0?=OLCNS>GCHCMNL;NCIH++0!" + 1B?PC?QMJL?M?HN?>B?L?;L?
NBIM?I@NB?;ONBIL;H>>IHINH?=?MM;LCFSL?@F?=NNBIM?I@NB?2 0 !,"IL
++0 1B?;ONBIL]MNOCNCIHQ;M=IP?L?><SNB?!?J;LNG?HNI@+O=F?;L
"HACH??LCHA;N21(NBLIOAB;$L;>O;N?1?;=BCHAMMCMN;HNMBCJ >>CNCIH;F@??M
;H>MNCJ?H>@ILNQIS?;LMQ;MJLIPC>?><SNB?#OF<LCABN-LIAL;G 1B?;CGI@NBCM
JLIAL;GCMNI=L?;N?<IH>M;GIHAG?LC=;H;H>#IL?CAHJ?IJF?NBLIOABNB?
?R=B;HA?I@=OFNOL?;H>EHIQF?>A? 1BCM?R=B;HA?CM?RJ?LC?H=?>CH;=;>?GC=
?HPCLIHG?HNMCHMC>?NB?2HCN?>0N;N?MILCH;HSINB?L=IOHNLSNB;NJ;LNC=CJ;N?MCH
NB?JLIAL;G >>CNCIH;F@OH>CHANBLIOABNB?QBIF?>OL;NCIHI@NB?JLIAL;GQ;M
JLIPC>?><SNB?"M=O?F;-IFCN?=HC=;+;=CIH;F"-+CH.OCNI "=O;>IL 1B?"-+





60

position in z [mm]

40
20
0
-20
-40
-60
-40

-40
-20

-20
0

0
20

position in y [mm]

20
40

40

position in x [mm]


#CAOL?  0OJ?LCGJIMCNCIHI@NB?J;LNC=F?M>?N?=N?>CH* -"-1;H>NB?CLNL;D?=NILC?MJL?M=LC<?>
CH$1"@IL;MCGOF;NCIHI@# J;LNC=F?MI@K?;=B ,HFSJ;LNC=F?M;L?>?N?=N?>












12

-24
-26
-28
-30

0

100

200

-15
prescribed position in GATE
detected position in M-PEPT

10
8
6
4
2
0

300

position in z [mm]

prescribed position in GATE
detected position in M-PEPT

position in y [mm]

position in x [mm]

-22

0

time [ms]

100

200

300

prescribed position in GATE
detected position in M-PEPT

-20
-25
-30
-35

0

time [ms]

100

200

300

time [ms]

 IGJ;LCMIH<?NQ??HM;GJF?>JL?M=LC<?>JIMCNCIHCH$1";H>>?N?=N?>JIMCNCIH@IL;
J;LNC=F?FI=;N?>;NNB??>A?I@NB?<IL?
9

15
10
5
0

0

100

200

300

time [ms]

6
prescribed position in GATE
detected position in M-PEPT

8

position in z [mm]

prescribed position in GATE
detected position in M-PEPT

position in y [mm]

position in x [mm]

20

7
6
5
4
3

0

100

200

time [ms]

300

prescribed position in GATE
detected position in M-PEPT

4
2
0
-2

0

100

200

300

time [ms]

 IGJ;LCMIH<?NQ??HM;GJF?>JL?M=LC<?>JIMCNCIHCH$1";H>>?N?=N?>JIMCNCIH@IL;
J;LNC=F?FI=;N?>;NNB?=?HN?LI@NB?<IL?
#CAOL?   IGJ;LCMIHI@NB?JL?M=LC<?>JIMCNCIHCH$1";H>NB?>?N?=N?>J;LNC=F?MCH* -"-1













difference in x [mm]
difference in y [mm]
difference in z [mm]
difference in t [s]

5

difference in axis

4
3
2

300
250

1
200
0
4

150
3.5

100
3

2.5

2

axis

50
1.5

1

time [s]

0



!C@@?L?H=?CHJL?M=LC<?>;H>>?N?=N?>JIMCNCIH@IL;J;LNC=F?FI=;N?>;NNB??>A?I@NB?<IL?

difference in x [mm]
difference in y [mm]
difference in z [mm]
difference in t [s]

3

difference in axis

2.5
2
1.5
300

1
250

0.5
200
0
4

150
3.5

3

2.5

100
2

axis

1.5

1

50

time [s]



!C@@?L?H=?CHJL?M=LC<?>;H>>?N?=N?>JIMCNCIH@IL;J;LNC=F?FI=;N?>;NNB?=?HN?LI@NB?<IL?
#CAOL?  <MIFON?>C@@?L?H=?I@NB?P;FO?MJL?M=LC<?>@ILJIMCNCIHCH$1";H>NBIM?>?N?=N?>
QCNB* -"-1 1B?>C@@?L?H=?CHNB?NCG?G;LEI@>?N?=NCIHCM;FMICH=FO>?> 






CML;HE?>;MNB?<?MNOHCP?LMCNSCH"=O;>IL;H>CMJ;LNI@NB?NIJOHCP?LMCNC?MCH
);NCHG?LC=; 






























$%!## $









$,01&+"))& 0 "1) $?;HNZ;MCGOF;NCIHNIIFECN .% +',-'
 -#(,$'#2,$, , +#   
, .  %"+ * 01,21 !   %17&&,++,2  # +"4-,/1 ! 
 -?L@LG;H=??P;FONCIHI@NB?CHP?IH>?>C=;N?>-"1JL?=FCHC=;F
NIGIAL;JB<;M?>IHNB?+"*+2 MN;H>;L>M (.+'%(!.% +
 $$'   
& (")) * 2##)"/  $,3"+!"/ & -/("/ ! '  H?QFCH?
>?HMCNSNL;=ECHA;FAILCNBG@IL-"-1;H>CNM;JJFC=;NCIHNIGOFNCJF?NL;=?LM 
.% +',-' -#(,$'#2,$, , +#   
& # 0)7/&+& - (  #?;NOL?JICHNNL;=ECHA;H>NL;D?=NILS;H;FSMCM@IL
PC>?ICG;ACHACH=?FF<CIFIAS (.+'%(!-+.-.+% $(%("2  
'+ 0  $;N?;MCGOF;NCIHNIIFECN@ILJ?N;H>MJ?=N #2,$,$' $$' 
' $(%("2  
(2%+ % 4  1B?%OHA;LC;HG?NBI>@ILNB?;MMCAHG?HNJLI<F?G /%
 , +#("$,-$,  
)+$#,/! 0 4&$$&+0  1"+-"++6 ! /2$$)"0   -IMCNLIH
"GCMMCIH-;LNC=F?1L;=ECHA-"-1@IL#FOC>#FIQ*?;MOL?G?HNM .% +
'"$' +$'"' ,$"'  
)+$#,/! 0 1 4&$$&+0  0 0+1,0 / %20"/ * " ("/ ' 
* /2$$)"0  "  1BL?? >CG?HMCIH;FMJ;NCIN?GJIL;FNL;=ECHA
I@@FOILCH? L;>CIF;<?F?>S?;MN=?FFMPC;JIMCNLIH?GCMMCIHJ;LNC=F?
NL;=ECHA  ? 
)"" ( 0 (&* 1 ' -/15 $  0CHAF? ?FF1L;=ECHA4CNB-"12MCHA;
+IP?F1L;D?=NILS/?=IHMNLO=NCIHFAILCNBG  $%&"$'"

+',-$(',('  
)"" 0 $/"$,/ ' ,0,/+" !  !?P?FIJG?HN;H>3;FC>;NCIHI@;
IGJF?N?$1"*I>?FI@NB?0C?G?HM&HP?IH1LCGI>;F&G;ACHA-F;N@ILG 
(% .%+&"$'" 
)2 ) * ' &+ 7  %"+ 4 %+ 6 (/(10+&0 + /%*&*  
1+$ '  -?L@ILG;H=??P;FO;NCIHI@NB?&HP?IH-"1M=;HH?L
OMCHA$1"<;M?>IHNB?+"*+2 MN;H>;L>M 
* &+1,0%  01,21 !  $,"/17"+  )  3;FC>;NCIHI@;$1"
*I>?F
)O &HNLCHMC=/;>CI;=NCPCNSCH)0,-"10SMN?GM .% +$ ' 

+',-$(',('  
*2+(/"0 '  FAILCNBGM@ILNB?MMCAHG?HN;H>1L;HMJILN;NCIH
-LI<F?GM (.+'%(!-# ($ -2!(+'.,-+$%' ))%$ -# &-$,
  
+"*01+!/!0-2)& 1&,+  -?L@ILG;H=?G?;MOL?G?HNMI@MG;FF
;HCG;FJIMCNLIH?GCMMCIHNIGIAL;JBM -$('% % -+$%'.!-.+ +,
,,($-$(' /IMMFSH 3

-/("/ ! ' /,!"+1  ' #,4)"0 - %4("04,/1% * / 
* +"&) -  -IMCNLIH?GCMMCIHJ;LNC=F?NL;=ECHA ;N?=BHCKO?@IL





MNO>SCHA@FIQQCNBCH?HACH??LCHA?KOCJG?HN .% +',-' -#(,$'
#2,$, , +#   
-1") + 4&$$&+0  /2$$)"0   -IMCNLIH?GCMMCIHJ;LNC=F?
NL;=ECHACHJOFM;NCF?@FIQ  1) +$& '-,$'%.$,RI=M@CLMNJ;A?
RGFHMRI=M 
-%")-0 * "  -"1JBSMC=M CHMNLOG?HN;NCIH ;H>M=;HH?LM (,$-+('
&$,,$('-(&("+)#2)#2,$,$',-+.& '--$('','' +,+?Q6ILE
?LFCH+?Q6ILE
?LFCH0JLCHA?L 
-/,0-"/ %  !+&),3 * 0-/&+$"/)&+(  #'$*. ,'
(' )-,(!$"# ' +"2#2,$, !IL>L?=BN0JLCHA?L+?NB?LF;H>M
&GJLCHN0JLCHA?L 
0 '+ $ 0 ! 01/2) 0 01")"+0 ( 00&U "1) $1"2M?LM
$OC>?3   '0 $)& ( 0 ( # *6"1?>  
0% $    ,$,(! &"$'"#2,$, # &$,-+2'
 ".%-$(',  B;G0JLCHA?L&HN?LH;NCIH;F-O<FCMBCHA&GJLCHN0JLCHA?L 
0//21 ! "1)  L?PC?QI@NB?OM?;H>JIN?HNC;FI@NB?$1"*IHN?
;LFIMCGOF;NCIH=I>?@ILL;>C;NCIHNB?L;JS;H>>IMCG?NLS;JJFC=;NCIHM 
 $%#2,$, 
0 %*&!1)"&+  / (&/,3  0 +"%*"% 0  "/!& 6 " %2** ' ) 
*,)0 % & &!21 ) * $+&+  01"/+0  4 * !+&") 
! ) %* %"/ (   3;FC>;NCIHI@$1"*IHN? ;LFI
MCGOF;NCIHMI@NB?$">P;H=?!CM=IP?LS)0-"1M=;HH?LM  $%
#2,$, 
0%4 / #  $"'%$'")+-$% ,!(+$'-+(.-$('$'-(%((!%(0-#+(."#
/ ,, %(!$'- + ,- 2HCN?>0N;N?MJ;N?HN;JJFC=;NCIH 
0&"*"+0 &HP?IHM2M?L*;HO;F 2HCN?>0N;N?MI@G?LC=;0C?G?HM 
12/+"/ ' "   -(&,$-$(''$-$('+(- -$('#?>?L;F
/?JO<FC=I@$?LG;HS 4&)"6 3 %3?LF;A$G<%
4&$$&+0  0+1,0 / /2$$)"0   HIP?F=FOMN?LCHA;JJLI;=B
NIJIMCNLIH?GCMMCIHJ;LNC=F?NL;=ECHA .% +',-' -#(,$'
#2,$, , +#   
4&$$&+0  0+1,0 / /2$$)"0   @?;NOL?JICHNC>?HNC@C=;NCIH
G?NBI>@ILJIMCNLIH?GCMMCIHJ;LNC=F?NL;=ECHAQCNBGOFNCJF?NL;=?LM 
.% +',-' -#(,$'#2,$, , +#   































"" )









<<1:05C 1>53:0=-B5:3>;2?41<4-:?;9>@<<;=?









<<1:05C -/25812;=?410125:5?5;:;2?41>;@=/1


0IOL=?>?@CHCNCIHJIMCNLIH?GCMMCIHGI>?F


GOFNCJF?
MIOL=?
NLS
IH?
A;N?MIOL=?;>>0IOL=? +;:
AJM 
A;N?MIOL=?+;:M?N=NCPCNS <?=KO?L?F 
A;N?MIOL=?+;:AJMJ;LNC=F?? 


A;N?MIOL=?+;:M?N#IL=?>2HMN;<F?#F;A NLO? 

A;N?MIOL=?+;:M?N#IL=?>%;F@)C@?  M

A;N?MIOL=?+;:AJM?H?LASNSJ? 2M?L0J?=NLOG


A;N?MIOL=?+;:AJMM?N0J?=NLOG#CF?
>CMNLC<ONCIH NRN

A;N?MIOL=?+;:AJM;HANSJ?
CMI 

A;N?MIOL=?+;:AJMGCHNB?N;

>?A 
A;N?MIOL=?+;:AJMG;RNB?N;
 >?A 
A;N?MIOL=?+;:AJMGCHJBC 
>?A 
A;N?MIOL=?+;:AJMG;RJBC >?A 
A;N?MIOL=?+;:AJMNSJ? -ICHN










<<1:05C :A1;:41-01=2581










<<1:05C $?-:0-=001A5-?5;:05>?=5.@?5;:2;=?41?4=11
A18;/5?51>?1>?10-:0-??4105221=1:?=1<1?5?5;:>

standard devaition [mm]



0.2
0.15
0.1
50

0.05
0
6

0
5

4

3

repetition

2

-50

position [mm]

1


#CAOL?  0N;H>;L>>?PC;NCIH=IGJ;LCMIH@IL =GM

















standard devaition [mm]

0.2
0.15
0.1
60

0.05
40
20

0
6

0

5

-20

4
3

repetition

-40
2
1

-60

position [mm]

#CAOL?  0N;H>;L>>?PC;NCIH=IGJ;LCMIH@IL =GM












standard devaition [mm]

0.2

0.15

0.1
60

0.05
40
20
0
6

0
5

-20
4

-40

3

2

repetition

1

-60

position [mm]


#CAOL?  0N;H>;L>>?PC;NCIH=IGJ;LCMIH@IL =GM









<<1:05C-?1581=1-?;=

%volumeGenericMovePlacements
clc
clear all
close all
%create a txt file that lists the displacemnts file for generic moves
in
%Gate
NumberOfSources=2;
NameoftheSources=['Na22Cubes'];
Movement=2;%input('Type of move\1-translation \2-genericMove ');
TypeofSource=1;%1-Na22 2-F18
%%
%volumeVelocities.mac
for i=1:NumberOfSources
N=num2str(i);
if Movement==1
movement=['translation'];
A{i,1}=['/gate/',NameoftheSources,N,'/moves/insert ',movement];
B{i,1}=['/gate/',NameoftheSources,N,'/',movement,'/setSpeed 0 0
0 cm/s'];
else
movement=['genericMove'];
A{i,1}=['/gate/',NameoftheSources,N,'/moves/insert ',movement];
B{i,1}=['/gate/',NameoftheSources,N,'/',movement,'/setPlacementsFilenam
e data/',NameoftheSources,N,'.placement'];
end
end
[nrow,ncols]=size(A);
fid=fopen('volumeVelocities.mac','wt');
for row=1:nrow
fprintf(fid,'%s\n',A{row,:},B{row,:});
end
fclose(fid);
%%
%SourceAttachto.mac
%NameofMovingSources=input('Name of the files to be moved (Seth)
','s');
for i=1:NumberOfSources
N=num2str(i);
if TypeofSource==1
A{i,1}=['/gate/source/Na22_',N,'/attachTo
',NameoftheSources,N];
else






A{i,1}=['/gate/source/F18_',N,'/attachTo
',NameoftheSources,N];
end

end
[nrow,ncols]=size(A);
fid=fopen('sourceAttachto.mac','wt');
for row=1:nrow
fprintf(fid,'%s\n',A{row,:})
end
fclose(fid);
%%
%sourceDefinition.mac
for i=1:NumberOfSources
N=num2str(i);
if TypeofSource==1
A{i,1}=['/gate/source/addSource Na22_',N,' gps'];
B{i,1}=['/gate/source/Na22_',N,'/gps/particle e+'];
C0{i,1}=['/gate/source/Na22_',N,'/setActivity 72460
becquerel'];
C{i,1}=['/gate/source/Na22_',N,'/setForcedUnstableFlag
true'];
D{i,1}=['/gate/source/Na22_',N,'/setForcedHalfLife
82268906.02 s'];
E{i,1}=['/gate/source/Na22_',N,'/gps/energytype
UserSpectrum'];
F{i,1}=['/gate/source/Na22_',N,'/gps/setSpectrumFile
distribution.txt'];
G{i,1}=['/gate/source/Na22_',N,'/setType backtoback'];
H{i,1}=['/gate/source/Na22_',N,'/gps/angtype iso'];
I{i,1}=['/gate/source/Na22_',N,'/gps/mintheta 90 deg'];
J{i,1}=['/gate/source/Na22_',N,'/gps/maxtheta 90 deg'];
K{i,1}=['/gate/source/Na22_',N,'/gps/minphi 0 deg'];
L{i,1}=['/gate/source/Na22_',N,'/gps/maxphi 360 deg'];
M{i,1}=['/gate/source/Na22_',N,'/gps/type Point'];
else
N0{i,1}=['/gate/source/addSource F18_',N,' gps'];
O{i,1}=['/gate/source/F18_',N,'/gps/particle e+'];
P{i,1}=['/gate/source/F18_',N,'/gps/energytype Fluor18'];
Q{i,1}=['/gate/source/F18_',N,'/setForcedUnstableFlag
true'];
R{i,1}=['/gate/source/F18_',N,'/setForcedHalfLife 6586 s'];
S{i,1}=['/gate/source/F18_',N,'/setActivity 10000 Bq'];
T{i,1}=['/gate/source/F18_',N,'/gps/angtype iso'];
U{i,1}=['/gate/source/F18_',N,'/gps/mintheta 0 deg'];
V{i,1}=['/gate/source/F18_',N,'/gps/maxtheta 180 deg'];






W{i,1}=['/gate/source/F18_',N,'/gps/minphi 0 deg'];
X{i,1}=['/gate/source/F18_',N,'/gps/maxphi 360 deg'];
Y{i,1}=['/gate/source/F18_',N,'/gps/type Point'];
end
end
if TypeofSource==1
[nrow,ncols]=size(A);
fid=fopen('sourcesDefinition.mac','wt');
for row=1:nrow
fprintf(fid,'%s\n',A{row,:},B{row,:},C0{row,:},C{row,:},D{row,:},E{row,
:},F{row,:},G{row,:},H{row,:},I{row,:},J{row,:},K{row,:},L{row,:},M{row
,:})
end
fclose(fid);
else
[nrow,ncols]=size(N0);
fid=fopen('sourcesDefinition.mac','wt');
for row=1:nrow
fprintf(fid,'%s\n',N0{row,:},O{row,:},P{row,:},Q{row,:},R{row,:},S{row,
:},T{row,:},U{row,:},V{row,:},W{row,:},X{row,:},Y{row,:})
end
fclose(fid);
end
%%
%sourcePlacement.mac
for i=1:NumberOfSources
N=num2str(i);
if TypeofSource==1;
A{i,1}=['/gate/source/Na22_',N,'/gps/centre 0 0 0 mm'];
else
A{i,1}=['/gate/source/F18_',N,'/gps/centre 0 0 0 mm'];
end
end

[nrow,ncols]=size(A);
fid=fopen('sourcesPlacement.mac','wt');
for row=1:nrow
fprintf(fid,'%s\n',A{row,:})
end






fclose(fid);
%%
%visualizeSources.mac
for i=1:NumberOfSources
N=num2str(i);
if TypeofSource==1
A{i,1}=['/gate/source/Na22_',N,'/visualize 50 yellow 3'];
else
A{i,1}=['/gate/source/F18_',N,'/visualize 50 yellow 3'];
end
end

[nrow,ncols]=size(A);
fid=fopen('visualizeSources.mac','wt');
for row=1:nrow
fprintf(fid,'%s\n',A{row,:})
end
fclose(fid);
%%
%volumeTomove.mac
for i=1:NumberOfSources
N=num2str(i);

A{i,1}=['/gate/WaterCylinder/daughters/name
',NameoftheSources,N];
B{i,1}=['/gate/WaterCylinder/daughters/insert box'];
C{i,1}=['/gate/',NameoftheSources,N,'/setMaterial Air'];
D{i,1}=['/gate/',NameoftheSources,N,'/vis/forceSolid'];
E{i,1}=['/gate/',NameoftheSources,N,'/vis/setColor red'];
F{i,1}=['/gate/',NameoftheSources,N,'/vis/setVisible'];
G{i,1}=['/gate/',NameoftheSources,N,'/geometry/setXLength 0.5
mm'];
H{i,1}=['/gate/',NameoftheSources,N,'/geometry/setYLength 0.5
mm'];
I{i,1}=['/gate/',NameoftheSources,N,'/geometry/setZLength 0.5
mm'];
end






[nrow,ncols]=size(A);
fid=fopen('volumesTomove.mac','wt');
for row=1:nrow
fprintf(fid,'%s\n',A{row,:},B{row,:},C{row,:},D{row,:},E{row,:},F{row,:
},G{row,:},H{row,:},I{row,:})
end
rowf=nrow+1
I{rowf,1}=['/control/execute VolumePlacement.mac'];
J{rowf,1}=['/control/execute volumeVelocities.mac'];
fprintf(fid,'%s\n',I{rowf,:},J{rowf,:})
fclose(fid);
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